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Het is onjuist impedantie-cardiografie als een zuiver plethysmo­
grafische methode te beschouwen. 
2 De soortelijke elektrische weerstand van mensenbloed is nog on­
voldoende nauwkeurig bepaald. 
3 Nauwkeurige indicatie van de systolische en diastolische bloed­
drukniveaus bij de methode volgens Riva-Rocci is mogelijk met 
behulp van elektrische impedantiemeting. 
4 De extracellulaire kaliumconcentratie heeft een belangrijke in­
vloed bij de regulatie van de ventilatie tijdens lichamelijke inspan­
nmg. 
5 De ademhalingsfrequentie is een bruikbare indicator voor het 
overschrijden van de 'anaerobe drempel'. 
6 Bij de interpretatie van fysiologische experimenten wordt te 
weinig rekening gehouden met de invloed van de narcose. 
7 De redistributie van het hartminuutvolume ten gunste van de ske­
letspieren die bij inspanning optreedt, leidt op zichzelf reeds tot een 
toename van het hartminuutvolume. 
8 Bij de enorme toename van kennis en behandelingsmogelijkheden 
van ziekten in de twintigste eeuw is een goede begeleiding van de 
patient soms belangrijker dan een precieze diagnose. 
9 Een eenvoudig maar belangrijk verschil tussen borstvoeding en 
flesvoeding is dat moeder een hand vrij heeft om haar kind te 
strelen. 

10 Lichamelijke opvoeding is een belangrijk vak in het basisonderwijs 
en dient gegeven te worden door toegewijde vakleerkrachten. 
11 Het gele kaartensysteem in het betaald voetbal, zoals <lit nu wordt 
toegepast, is een vorm van competitievervalsing. 
12 'Stretching' tijdens 'warming-up' en 'cooling-down' is een mode­
verschijnsel; het wordt zonder fysiologische fundering toegepast. 
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The development of scientific medicine has since the middle of the 19th 
century increasingly depended on reliable and accurate measurement of 
physiological quantities. It was the introduction of methods such as the 
one for cardiac output measurement by Fick in 1870 (4), the indicator 
dilution techniques by Stewart in 1897 (9) and electrocardiography with 
the string galvanometer by Einthoven in 1903 (3), which paved the way 
for the impressive development of circulatory pathophysiology in the 
course of the present century. A big leap forward was the introduction 
of cardiac catheterization through the pioneering experiments of 
Forssmann ( 1929) (5) and the later development of catheterization 
techniques and related measuring systems by Cournand ( 1, 2), Richards 
(7) and Wood ( l l )  in the forties and early fifties. Cardiac catheterization 
inaugurated the heyday of invasive cardiology, making it possible to 
rapidly accumulate knowledge in fields which till then had been almost 
completely unexplored. Of these, congenital heart disease is perhaps the 
most striking example. Invasive cardiology made exact anatomical and 
functional diagnosis possible and thus fulfilled an essential precon­
dition for safe and effective cardiac surgery. 
By their nature, cardiac catheterization and related methods are less 
suitable for repeated investigations, and are completely unfit for 
monitoring circulatory functions over longer periods and outside the 
cardiac function laboratory. It is often necessary to follow the circu­
latory conditions of a patient over several month or even years, either to 
determine the right moment for operation or to observe the effect of 
therapy, but this requires easily repeatable methods which put less 
strain on the patient. This is even more so in the case where continuous 
monitoring is indicated, in anaesthesia and intensive care conditions, as 
well as in exercise physiology and sports medicine. Much research effort 
has therefore been devoted to the development of non-invasive methods 
for the (continuous) measurement of circulatory quantities. 
Non-invasive methods for investigating and monitoring the circulatory 
system 
The present interest in non-invasive methods should not be conceived 
of as a new trend in cardiology, although it may seem so in the light of 
the preponderance of invasive techniques. It should be borne in mind 
that much had already been attained before the advent of cardiac 
catheterization. The art of physical examination of the patient had 
yielded a fairly adequate classification of the common diseases of heart 
and blood vessels; auscultation had already been supported by phono­
cardiography; moreover, various types of plethysmography had been 
developed, as also the recording of the volume pulse of superficial 
arteries and veins. The measurement of blood pressure according to 
Riva-Rocci ( 1896) had come into general use, chest X-ray pictures were 
already being taken routinely, and electrocardiography had become an 
invaluable tool in detecting and explaining many types of cardiac dis­
ease. Even the use of electrical impedance measurement had already 
been tried (cf p. 10). 
The recently intensified search for more and better non-invasive 
methods for the study of the circulatory system is therefore essentially 
the resumption of a former trend, which was temporarily obscured by 
the spectacular advances resulting from the advent of the invasive 
techniques. Of course the invasive methods have solved many of the 
problems which had earlier been investigated with very little result. 
Moreover, many questions have been answered which formerly had not 
even been raised. But the very success of invasive cardiology, leading to 
an increasing number of cases suitable for surgical treatment and to a 
considerable demand for repeated exercise testing, has spurred the 
recent interest in non-invasive methods. 
The difference between invasive and non-invasive methods is not as 
absolute as it sounds. Between really non-invasive methods such as 
electrocardiography and phonocardiography, and really invasive 
methods such as flow measurement with an electromagnetic flow probe 
temporarily put on an intrathoracic vessel during cardiac surgery, there 
actually is a gliding scale of more or less invasive methods. In all 
methods involving X-rays the body is penetrated by ionizing radiation. 
A little further on the scale come the methods of nuclear medicine in 
which radio-active tracers are injected into the bloodstream. Next 
comes the floating of a thermistor catheter into the pulmonary artery for 
the measurement of cardiac output with thermodilution, which is still 
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less invasive than a full right and left cardiac catheterization with 
several catheters. Consequently, it is perhaps better to speak of a trend 
towards less invasive methods than towards non-invasive ones. 
In so far as the determination of haemodynamic quantities is con­
cerned, an increasing degree of non-invasiveness has usually to be paid 
for with a decrease in accuracy. However, when only a trend has to be 
followed, precision (reproducibility) is more important than accuracy. 
Moreover, when a fairly precise method is used with a stable 
relationship between the output signal and the quantity to be measured, 
a single determination with another, more invasive method may suffice 
to adjust the output signal to the prevailing absolute value of the 
quantity to be measured. 
The physical methods which are applied to the human body for 
obtaining information concerning the cardiovascular system can 
roughly be divided into two groups. The first group consists of methods 
which are based on a known physical relationship. In these methods a 
fairly straight-forward procedure can be used to extract the desired 
physiological data from the output signal of the measuring system. 
Examples of such methods are pressure measurement with strain gauge 
manometers, electromagnetic flowmetry, and Doppler ultrasound 
velocity measurement in peripheral blood vessels. The second group 
comprises the methods which depend on some kind of theoretical model 
for attaching physiological meaning to the output signal of the system. 
Actually, the majority of physical methods used in the study of the 
human circulation belong to this latter group. A well-known example is 
electrocardiography, but the same goes for almost all imaging tech­
niques, pulse contour analysis, ballistocardiography, various plethys­
mographic methods, and also impedance cardiography. 
Although it can hardly be denied that the methods of the second 
group cannot be better than the models on which the interpretation of 
the output signals depends, the example of electrocardiography shows 
that such a statement does not do justice to some of these methods. By 
careful observation of the recorded tracings in various patients, 
associations may be found between certain features of the recorded 
curves and specific (pa tho )physiological phenomena. In this way a body 
of empirical knowledge may be built up which may be useful, not­
withstanding the lack of knowledge as to the origin of the recorded 
signals. For obtaining quantitative data, however, a model is indis­
pensable, and for the interpretation of the shape of a tracing in terms of 
(patho)physiological phenomena an adequate model is certainly a 
tremendous help. 
3 
Electrical impedance measurements 
Impedance measurements with various types of electrode application 
and different measuring systems have been used in many ways in 
circulatory (patho)physiology. A survey of the various methods and 
procedures is given in chapter 2. In most cases a constant high­
frequency alternating current is applied to the thorax and the ensuing 
potential difference measured. The variations in this potential dif­
ference are considered to reflect the changes in the electrical impedance 
of the tissues situated between the electrodes with which the potential 
difference is measured. In the most widely used method a tetrapolar 
electrode arrangement is used as shown in figure IO. A constant high­
frequency current is applied through the outer electrodes; the inner 
electrodes are used for measuring the resulting potential difference. The 
transthoracic impedance following from this potential difference is 
continuously recorded, usually in combination with its first derivative. 
A normal tracing is shown in figure 3. 
This method for studying the circulatory system by electrical imped­
ance measurement became known as impedance cardiography 
through the efforts of Kubicek et al. (6). They constructed a manageable 
apparatus along with a fairly simple procedure and they further ela­
borated the theory on which the widely used formula (Eq. 29, p. 38) is 
based for calculating stroke volume from the impedance cardiogram. 
This theory is based on the assumption that the recorded impedance 
variations are essentially caused by changes in volume of the great 
intrathoracic arteries resulting from the pumping action of the heart. A 
related method, integral rheography, also primarily aimed at measur­
ing stroke volume, was developed by Ti�cenko et al. ( IO). This method 
has, however, hardly been used outside the Soviet Union. In chapter 3 a 
detailed description is given of these two methods, followed by the 
results of measurements in healthy subjects and in patients under vari­
ous conditions. With these data, both methods are evaluated as to their 
validity for the determination of cardiac output when they are conven­
tionally applied. Further, the importance is discussed of the various 
factors determining the values for stroke volume as obtained with the 
equations in use with the two methods. 
The remaining chapters are devoted to a re-interpretation of the 
impedance cardiogram. Some of the observations presented in chapter 3 
already suggest that intrathoracic arterial volume pulsations can at best 
provide a partial explanation of the magnitude and the shape of the 
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impedance cardiogram. The experiments described in chapter 4 show 
that flowing blood is anisotropic with regard to its electrical resistivity, 
due to the orientation of the discoid erythrocytes which have a much 
higher resistivity than the plasma. As the orientation of the red cells 
depends on the flow velocity, the resistivity of the blood is also 
dependent on the flow velocity. By means of exchange transfusion 
experiments in dogs, in which the blood is replaced by a stroma-free 
haemoglobin solution, it is shown that the orientation effect of eryth­
rocytes on the electrical resistivity is a major determinant of the mag­
nitude and the shape of the impedance cardiogram. 
A novel theory is then developed, taking the orientation effect of the 
erythrocytes into account in addition to the volume variations of the 
intrathoracic arteries. Moreover, it is recognized that orientation effects 
are probably even more important in the intrathoracic veins than in the 
arteries. This sheds new light on the diastolic part of the impedance 
cardiogram and provides for the first time a proper explanation of the 
shape of the impedance cardiogram. It also leads to the conclusion that 
a reliable determination of stroke volume with the aid of impedance 
cardiography is not possible, although, with certain precautions, 
changes in stroke volume can be faithfully recorded. 
The last chapter describes the main applications of impedance 
measurements, starting with the detection of changes in the intratho­
racic fluid volume on the basis of the transthoracic electrical impedance. 
The shape of the impedance cardiogram as recorded in normal subjects 
and in a variety of patients is interpreted in the light of the theory 
elaborated in chapter 4. Next, it is discussed how impedance car­
diography can be used to follow changes in stroke volume. Finally, a 
series of impedance cardiograms actually recorded in patients is 
presented. It is shown that with the new insight in the origin of the 
impedance tracings, an acceptable pathophysiological interpretation is 
possible in almost every case. Thus it is demonstrated that impedance 
cardiography can be a real asset in many clinical conditions. 
Definitions and terminology 
In most cases alternating current (a.c.) can be described by 
I = I sin (wt + 0) (I) 
where / is the instantaneous value of the current, I the maximum value 
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or amplitude, w the circular frequency, t the time and 8 the phase angle. 
w = 2'rrf = 2'rr! T  (2) 
where f is the frequency and T is the period. A similar description can be 
given for alternating voltage. 
As a measure for alternating current or voltage not the amplitude is 




The effective value of the alternating current equals the magnitude of a 
direct current which would produce the same heating effect. For 
sineshaped phenomena the effective value equals the peak value 
divided by y2 (/ ejf = I I y2, Veff = VI y2). Since the effective value is 
the square root of the mean vafue of the square, it is also called the 
root-mean-square or r.m.s. value. In the following, effective values are 
used, without this being stated explicitly. As a consequence of the 
definition, the magnitude of / ejf can be expressed in ampere and the 
magnitude of VeJJin volt. 
For calculating, a.c. quantities are represented by complex quantities. 
The current given by equation ( 1 )  then becomes 
I = lejf exp i(wt + 8) (4) 
where i is the imaginary unit. When this is done, it is possible to add, 
subtract, multiply and divide the a.c. quantities, provided they have the 
same frequency. When in an electrical circuit the current is represented 
by equation 4 and the voltage by 
Vejf exp i(wt + <j>) 
the impedance Z of the circuit is 
(5) 
Z = Vejf exp i(wt + <I> - 0) = I Z I exp i(wt + \)I) (6) 
feJJ 





I argu�t part : 
modulus 
real axis 
Fig. 1 Representation of a complex quantity in the complex plane. Shown are the two ways to represent a complex quantity: it can be represented either as a quantity having a modulus (the length of the vector) and an argument (the angle of the vector with the x-axis), or as a quantity with a real part (projection of the vector on the x-axis) and an imaginary part (projection of the vector on the y-axis). 
phase or the argument of Z (Fig. 1). Since the magnitude of Ieff is 
expressed in ampere and the magnitude of VeJJin volt, the magnitude of I Z I is expressed in ohm. The impedance Z can be characterized by its 
modulus I Z I and its argument 'Y, but also by its real and imaginary 
parts. 
Z = R + iX 
I Z I = VR2 + xz' 




where the real part R is called resistance or res1st1ve part and th� 
imaginary part X is called reactance or reactive part. The reciprocal 
value of Z is called the admittance Y ( Y = l / Z). 
In impedance cardiography the electric circuit consists of the thorax, 
a part of the neck and a current source. An alternating current of 
constant magnitude is led through the circuit and in the circuit a 
potential difference is measured. Because of the constancy of the cur­






Fig. 2 Variation o f  the thoracic impedance Z(I) with each heart beat during end-expira­
tory breathholding. 
Healthy, 25-year-old male subject. ECG = electrocardiogram. The maximum value of Z(I) 
is designated Z0• the heart-synchronous variation JZ. 
ance. The overall impedance Z is called thoracic electrical impedance or 
thoracic impedance. In the model that we use, Z is a parallel connection 
of a tissue impedance Zt and a blood resistance Rb. In most measure­
ments the phase of Z is lost, so that only I Z I  is measured. For reasons of 
readability, and in order to conform to the existing literature, the 
modulus of Z is indicated as Z instead of as I Z I -
The thoracic impedance varies with time due to ventilation and car­
diac activity. During breathholding the heart-synchronous impedance 
variations can be recorded as shown in figure 2. It has become cus­
tomary to designate the maximum value of the thoracic impedance 
within the cardiac cycle Z0 and to designate the change in impedance 
with respect to this maximum.1Z. Thus the thoracic impedance actually 
measured at any moment in the cardiac cycle (Z(t)) is given by 
Z(t) = Z0 + L1Z ( 1 0) 
AZ is negative and its extreme value is indicated as (AZ)min or 
(-AZ)max (Fig. 3). In this figure, as in most recordings, dZ!dt, the first 
derivative of AZ, is shown in addition to AZ. 
It should be noted that in figure 3 L1Z is recorded upside down as 
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PCG ----'.'(�_---.·Y---·-------.---,'-'1----� 
-0.11 Q 11.Z 
Fig. 3 Normal impedance cardiogram. Healthy, 25-year-old male subject. Supine position at rest. End-expiratory breathholding. ECG = electrocardiogram; PCG = phonocardiogram; LlZ = heart-synchronous variation of Z(t); (LlZ)min = amplitude of LlZ; dZ/dt = rate of change of LlZ; (dZ!dt)min = extreme rate of change of LlZ. Note that the impedance cardiogram is recorded upside down when compared with figure 2. 
compared with figure 2. Consequently, an upward deflection in the .1Z 
tracing represents a decrease in impedance. We have followed this 
convention throughout this book in order to conform to the existing 
literature. For the same reason also the dZ!dt signal is recorded upside 
down. A decrease in Z(t) is thus associated with a deflection in the dZI dt 
tracing above the zero level. Therefore, as a deflection above the zero 
level represents the velocity of an impedance decrease, dZ!dt is negative 
and its extreme value is designated (dZ!dt)min or (-dZ!dt)max (Fig. 
3). If only the magnitude of .1Z or dZ!dt is of interest we speak of the 
amplitude of .1Z or dZ!dt. 
For recordings of the change in thoracic impedance (.1Z) and of the 
velocity of the change in impedance (dZ!dt) different names are 
employed in the literature. In the following, the terms .1Z tracing and 
dZI dt tracing will be used exclusively, while the two tracings together 
will be designated impedance cardiogram. 
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Chapter 2 
Measuring electrical impedance for studying the mechanical 
activity of the heart; a survey of the literature 
One of the first to describe an electrical method for recording the 
mechanical action of the heart was the German physiologist Max 
Cremer, who published his report in 1 907 ( 13). He placed a beating frog 
heart between condensor plates. The movements of the heart varied the 
capacitance of the condensor, since the heart acted as a varying dielec­
tric medium. It was Cremer's intention to show that mechanical move­
ments of an organ can be recorded without direct contact between organ 
and measuring instrument. 
In 1932 Atzler and Lehmann (2) placed condensor plates near the 
chest of a human subject, avoiding any contact with the skin, and 
recorded variation in capacitance synchronously with the heartbeat. 
The tracing was called a die/ectrogram. When varying amounts of con­
ductive fluid were placed between the condensor plates, they noticed 
that the capacitance varied proportionally with the fluid volume. 
Dielectrography was therefore thought to be a method to record blood 
volume variations (Fig. 4). From many recordings of healthy volunteers, 
made in supine position, they concluded that the filling of the ventricles 
was almost completed in the first half of the diastole. Recordings made 
in supine and upright positions were different. Recordings made 
directly after physical exercise were different compared with those 
taken at rest. The authors concluded from these experiments that valu­
able information on the performance of the heart could be obtained 
with dielectrography. In 1949 Whitehorn and Perl (96) calculated values 
for the stroke volume of the human heart from dielectrograms. For this 
purpose the measuring system had been calibrated by inserting known 
volumes of saline solution between the condensor plates. 
A similar method, radiocardiography, was introduced by Rosa (7 1 )  in 
1 940. Movements of the heart or arteries were measured through 
capacitance variations picked up by means of an insulated electrode on 
the skin. Radiocardiograms obtained with standard ECG electrode 
1 0  
Fig. 4. Dielectrography according to Atzler and Lehmann (2). The chest of the subject is placed between condensor plates. When the distance between the condensor plates remains unchanged, the output of the measuring circuit is only dependent on the capacitance variations caused by the action of the heart between the condensor plates. Reproduced from reference 2. 
positions in a large series of experiments proved to be reproducible in 
80% of the subjects. 
Nijboer et al. (63) attributed the significance of their radiocar­
diograms to their supposed close relationship with volume variations of 
the heart . Marked variations in the amplitude and the shape of the 
curve were seen in patients with valvular lesions and arrhythmias 
(premature beats, sinus arrhythmias, auricular fibrillation) . The curves 
were assumed to have qual).titative significance and to be suitable for 
estimating cardiac output . A radiocardiogram was actually thought to 
1 1  
be a recording of the electrical impedance variations of the heart. The 
rate of change of electrical impedance was also recorded. This tracing 
was called a differentiated radiocardiogram. 
In Vienna, around 1945, another impedance method for the inves­
tigation and diagnosis of the circulation was developed by Holzer et al. 
(34). A 14 kHz alternating current was led through the subject by means 
of two electrodes, one on the right or left arm and one on the left leg, 
identical with the standard ECG electrode positions. The subject was 
taken up as one arm in a Wheatstone bridge. In this way, variations in 
the electrical impedance of the body were recorded; the tracing was 
called a rheocardiogram (RCG). An RCG recorded together with an 
ECG, heart sounds and a carotid pulse tracing is shown in figure 5. The 
method allowed the direct measurement of the duration of the isovo­
lumetric and ejection phases of ventricular contraction, and the 
detection of several pathological phenomena in the circulatory system. 
The use of an alternating current was necessary in order to prevent 
polarization at the electrodes as reported earlier by Koeppen (44). 
;\ 
Fig. 5. Rheocardiogram according to Holzer et al. (34). From top to bottom: rheocardiogram (RKG), electrocardiogram (EKG), carotid pulse tracing (CP) and heart sounds (HT) of a normal subject. Reproduced from reference 34. 
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Donzelot and Milovanovich ( 16) obtained recordings by a similar 
method, also with standard ECG electrode positions: cardiographie a 
haute frequence. Again, the possibility of distinguishing between the 
isovolumetric and ejection phases of ventricular contraction was 
emphasized. 
The work of Holzer et al. (34) was continued by other investigators 
like Weisse! (93, 94) and Vetter (88, 89) in Vienna and Kedrov and 
Liberman (37) in Moscow. Vetter (88) tried to make a theoretical 
reconstruction of the rheocardiogram. He felt that when the total blood 
volume in the thoracic veins, heart and arteries was proportionally 
distributed, the thoracic electrical impedance would reach its lowest 
value, while when the blood was unevenly distributed between these 
compartments the impedance would be increased. Kedrov and 
Liberman (37) came to the conclusion that the RCG gives no infor-
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ELECTRODE AREA C cm""'2 )  Fig. 6. I nfluence of the surface area o f  the electrodes on the measured resistance. Redrawn from reference 9. 
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mation about the heart, but that it is the expression of variations in 
blood volume between the electrodes. 
Although dielectrography, radiocardiography, rheocardiography and 
cardiographie a haute frequence have been presented as different 
methods, they are essentially the same: they all measure the variations 
in electrical impedance resulting from the activity of the heart. Bonjer 
(9) was among the first to conduct experiments on animals to study the 
relation between the obtained tracings and the underlying circulatory 
---·- - ·- -·-·---·· -
· -- .  {\ 
. I '. 
- --- - ------·-�---·-------- --- -
--- -------· ..------·--
A 
- • iii .A ,. .. A, '-- 8  
Fig. 7. Effect of surrounding the heart with a rubber sheath in the dog. Upper panel: rheocardiogram (A) and electrocardiogram (B) in the control state. Lower panel: the same tracings after applying the rubber sheath. Calibration signals are included in the tracings, 0.25 Q (A) and 1 mV (B), respectively. Reproduced from reference 9. 
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phenomena. He used the technique of rheocardiography with 
electrodes placed on the right foreleg and left hindleg in the dog. An 
alternating current of 175 kHz was used. Since reproducible results 
could only be obtained with large electrodes in good contact with the 
skin, electrodes with a surface area of at least 5 cm2 were used (Fig. 6). 
Both Nijboer (62) and Bonjer (9) made impedance measurements 
with electrodes at different sites near the heart, even using an 
oesophageal electrode, with the aim to record ventricular volume curves. 
However, it was not possible to obtain such curves in every subject. The 
influence of volume variations of the heart on the electrical impedance 
variations was further investigated by surrounding the heart with a 
rubber sheath in the open-chest dog. The amplitude and shape of the 
RCG were not affected by this insulation (Fig. 7). The clamping of the 
innominate artery decreased the amplitude of the RCG; this was more 
pronounced when the left femoral artery was clamped as well. In 
another experiment, an artificial pump was used to rhythmically force 
Bayliss solution (6 g/1 NaC I, 60 g/1 gum arabic) into the aorta of a dog, 
bypassing the heart. In this case the RCG strikingly resembled a curve 
from the normal living dog. From these experiments, Bonjer (9) con­
cluded that Holzer et al. (34) had not recorded the volume variations of 
the heart, but rather the variations in arterial blood volume. 
Determination of stroke volume from electrical impedance 
measurement 
Considering the arteries to be electrical conductors, Bonjer (9) derived a 
simple relationship between volume and resistance. The resistance of 
the blood in an arrtery (Rb) is given by 
Rb =  Pb J_ s ( l l )  
where Pb is the resistivity of blood, / the length of the artery and S the 
cross-sectional area of the artery. The volume of an artery ( V) is 
represented by 
V = I S or S = _.r  I 
Substituting equation 1 2  in 1 1  gives 
( 1 2) 
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( 13) 
The variation in resistance of the artery (6.Rb) caused by variation in 
arterial volume is then, for small variations (6. V), approximated by 
or 
6.Rb � -
Pb 12 ,1 V 
V2 
( 14) 
( 1 5) 
In this derivation the artery is assumed to be of cylindrical shape, with a 
constant cross-sectional area. The current density and resistivity are 
assumed to be constant. The length of the cylinder is assumed to remain 
constant and the variation in cross-sectional area is assumed to be small 
and uniform. 
In the artificial pump experiments mentioned earlier, (cf p. 15), a 
linear relationship was found between the stroke volume of the pump 
and the amplitude of the RCG. However, comparative measurements 
of stroke volume in the intact animal by rheocardiography and by the 
Fick method did not yield a definite relationship (9). In human subjects, 
the RCG amplitude recorded immediately after physical exercise did 
not show any increase as compared with the amplitude at rest. 
Independently, Nijboer (6 1) introduced a similar measuring system 
under the name of electrical impedance plethysmography. Nijboer (62) 
considered the conventional Wheatstone bridge as used by Bonjer (9) to 
be unsuitable, because the polarity of the pulse signal changes at the 
zero balance of the bridge. As the name of his device clearly shows, 
Nijboer, like Bonjer, considered his impedance tracings to be essentially 
a plethysmogram, i.e. a recording of variations in volume. He corro­
borated this opinion experimentally by transplanting a piece of gut into 
the hindleg of the cat and filling it with different amounts of saline 
solution. Expansion of the gut resulted in an increase in its cross section, 
which was measured as a decrease in the electrical impedance of the 
hindleg. Experiments in vitro, in which rubber tubes, arteries, veins and 
gut were used, demonstrated a linear relationship between volume ( V) 
and electrical conductance (Gb) :  
( 16) 
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This equation corresponds to equation 13, since Gb = l / Rb. This led 
Nijboer (62) to the conclusion that the conductance change of a tissue 
segment is a linear function of the volume of blood added to it by the 
action of the heart. 
For a tissue segment, the change in the overall conductance (AG) is 
equal to the change in (blood)conductance (AGb) caused by the added 
volume of blood (A V): 
From equation 16 follows 
or 
A V  = Pb /2 AG 
For small changes in the overall resistance (R) : 
AG = A (_J_) ::::::: - !J.R 
R R2 






(2 l ) 
Equation 2 1  is valid only if the reactive component of the tissue 
impedance is negligible. 
Nijboer (62) verified the latter assumption by comparing the 
electrical resistance and capacitance variations in the forearm of a 
human subject at a frequency of 100 kHz. It was noted that the effect of 
the heart-synchronous volume variations was almost purely resistive, 
but that respiration induced a reactive change. These experiments only 
demonstrated that the reactive component of the impedance changes is 
small; they did not demonstrate that the reactive component of the 
impedance itself is small. 
It may have been due to the unsuccessful trials to establish a clear 
relationship between impedance variations and cardiac volume 
variations that Bonjer as well as Nijboer focussed their attention on the 
measurement of peripheral blood flow. 
17 
Progress in space travel created an urgent need for a practical non­
invasive method for measuring cardiac output. To meet this demand, 
Kubicek et al. ( 45) re-investigated the suitability of electrical impedance 
measurement for determining cardiac output. They measured trans­
thoracic electrical impedance with circular band electrodes round the 
neck and chest of the subject. Initially, they used only two electrodes, 
one round the base of the neck, the other round the chest at the level of 
the xyphisternal joint. With these electrodes a constant alternating cur­
rent was led through the thorax, and the ensuing potential difference 
was measured. 
The parallel resistance model of Nijboer (62) for calculating blood 
flow from measurements on the extremities was adapted to the thoracic 
impedance measurements of Kubicek et al. (45). Nijboer's model con­
sisted of resistances only. According to Patterson (65), for impedance 
equation 2 1  changes into: 
.1 V = -Pb 12 .1 I Z I I z I 2 cos < cfi - "1) (22) 
where cf, is the phase angle of Z2, if; the phase angle of .1Z and .1 J Z I the 
variation in modulus of Z due to the heart-synchronous volume 
variations. Experiments done by Patterson showed that these volume 
variations produce resistive variations, which means that if; = 0. They 
also showed that cf, at 1 00 kHz is approximately 14° and therefore cos <j> 
is nearly unity. This leads to the equation 
(23) 
where Pb is the resistivity of blood, / the average distance between the 
electrodes, .1Z the variation in the modulus of the thoracic electrical 
impedance and Z the modulus of the thoracic electrical impedance (cf 
p. 6). In his calculations Patterson (65) interchanges the modulus and 
the real part of the impedance; the employed apparatus, however, 
measures the modulus. 
In applying this equation for determining stroke volume, Patterson 
(65) assumed that .1 V is associated with the variation in lung blood 
volume resulting from right ventricular ejection and that the systolic 
volume variation of the heart itself does not make any significant con­
tribution to the measured impedance variation. The latter assumption 
was based on the work of Bonjer (9, IO) and Nijboer (62), but it disre-
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garded their conclusion that the heart-synchronous impedance 
variation is primarily related to left ventricular ejection. 
Most authors are of the opinion that the /J.Z tracing is the sum of two 
signals: one caused by the inflow and the other caused by the outflow of 
blood between the electrodes. Because of this the value of /J.Z measured 
directly from the tracing cannot be used for calculating the stroke 
volume. Therefore /J.Z should be replaced with a value corrected either 
for the outflow or for the inflow of blood. According to Kubicek et al. 
( 45) a value corrected for the outflow (/J.Z') can be obtained by means of 
the extrapolation procedure outlined in figure 8 (forward extrapolation 
procedure). This leads to the equation: 
/J.Z' /J. V =  -pb f2 -z 2 0 
(24) 
In this equation Z0 is written instead of Z (cf Eq. 23) to conform with 
the paper of Kubicek et al. (45). We have followed this convention 
throughout this book, with the difference that we define Z0 more 
precisely as the maximum value of Z during the cardiac cycle, whereas 
Kubicek et al. (45) do not specify at which moment in the cardiac cycle 
Z(t) is called Z0. For all practical purposes this neglect is incon­
sequential because the amplitude of the change in Z during the cardiac 
cycle is only a very small fraction of Z (about I%). 
The forward extrapolation procedure is only correct if the signal is 
indeed the sum of an inflow and an outflow signal and if the slope of the 
inflow signal is constant, and if the determined slope is not influenced 
by the slope of the outflow signal. Nijboer (62) derived a value corrected 
for the inflow of blood (backward extrapolation procedure). 
In order to test the validity of the parallel impedance model for its 
application to the thorax, Patterson (65), using equation 24, calculated 
cardiac output from measurements before and after covering the thorax 
with electrode paste under and between the inner electrodes. This 
showed a decrease in the thoracic impedance of about a factor of 0.7 and 
a decrease in the extrapolated impedance change of about a factor of 
0.5. The cardiac output values calculated before and after covering the 
thorax with electrode paste were about the same. This result is to be 
expected, since a constant parallel impedance does not change the ratio 
/J.Z/ 202 . Similar experiments have been carried out by Nijboer (62) on 
the extremities with comparable results. The results of a comparative 
study (65), in which pulmonary flow was determined by the Fick 
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Fig. 8. Extrapolation procedure as used by Kubicek et al. (45). The first part of the ascending limb of the impedance tracing is linearly extrapolated to the instant of the closing of the pulmonic valve, indicated by the pulmonic part of the second heart sound ( I I  P). The distance from this point to the level of the thoracic impedance immediately before ejection is taken as the value of 6.Z' to be used in equation 24 for the calculation of stroke volume. ECG = electrocardiogram, PCG = heart sounds signal. 
method in 44 children with suspected heart defects, supported the 
validity of equation 23 but only when the extrapolation procedure was 
used (Fig. 8); however, no conclusive evidence was obtained. The 
average difference between the two methods was 1 3.7%, pulmonary 
flow as determined by the Fick method being higher than impedance 
cardiac output. 
The extrapolation procedure is time consuming and prone to errors. 
To improve the accuracy and to simplify the calculation of stroke 
volume, the slope of the impedance curve was determined using the 
minimum rate of change in impedance ( 45). The value for LlZ' was then 
obtained by multiplying this extreme value by the right ventricular 
ejection time (Fig. 9). This led to the following equation. 
V -Pb 1
2 (dZI dt)min lrve rvs = zo2 
(25) 
in which V,vs is the right ventricular stroke volume, Pb the resistivity of 
blood, (dZ! dt)min the extreme rate of change of the heart-synchronous 
impedance variation, lrve the right ventricular ejection time and Z0 the 
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Fig. 9. Heart-synchronous impedance variation (�Z) and its rate of change (dZ!dt). From top to bottom: electrocardiogram (ECG), heart sounds (PCG), first derivative of the heart-synchronous impedance variation (dZ!dt) and heart-synchronous impedance variation (�Z).(dZ!dt)min = extreme rate of change in impedance le = right ventricular ejection time. Tracings recorded in a healthy subject in sitting position, at rest, during end-expiratory breathholding. 
A technical problem in the measurements made by Bonjer and 
Nijboer was caused by the skin impedance. In the two-electrode-system, 
a relatively large fraction of the thoracic impedance measured consists 
of skin impedance, which is difficult to determine separately and is 
subject to variation. To avoid this problem, two more electrodes were 
applied, one above the electrode round the base of the neck and one 
round the abdomen (Fig. 10). By means of this four-electrode-system 
the constant current was led through the thorax by the upper neck 
electrode and the abdominal electrode (/-electrodes), while the inner 
electrodes (P-electrodes) measured the potential difference. In this 
arrangement the skin impedance has no influence on the output signal. 
The work of Patterson (65) and Kubicek et al. (45, 46) led to a 
commercially available instrument which is widely used. A more 
detailed description of this instrument and its operation procedure is 
given in Chapter 3. 
Another impedance method, called integral rheography, has been 
developed by Tiscenko et al. (86). They use large electrodes, applied to 
the wrists and ankles of the subject. The two wrist electrodes are 
electrically interconnected by means of a short wire, as are the two ankle 
electrodes. The surface area of each electrode is about 100 cm2• The 
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Fig. 10. Circular electrode arrangement according to Kubicek et al. (46). The measuring electrodes 2 and 3 are placed round the base of the neck and round the thorax at the level of the xyphisternal joint, respectively. The current-carrying electrodes I and 4 are placed at least 3 cm above and 3 cm below the measuring electrodes, respectively. 
subject is taken up as one arm in a Wheatstone bridge, just as in the 
measuring systems of Holzer et al. (34), Bonjer (9) and Kedrov and 
Liberman (37) (Fig. 1 1). The electrical impedance of practically the 
whole body and its heart-synchronous variations are measured with this 
electrode arrangement. 
Tiscenko et al. (86) calculate stroke volume using equation 26 for males 
and equation 27 for females 
Vfvs = -0.275 
ylyk . ib2 C (26) 
Ro 75 
V/vs = -0.247 ylyk · ib
2 C (27) 
Ro 75 
in which V/vs is the left ventricular stroke volume, y the measured 
amplitude of the heart-synchronous impedance variation, Yk the 
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Fig. 1 1 . Electrode arrangement and measuring bridge as used in integral rheography according to TiScenko et al. (86}. 20 = body impedance and l:i.Z = heart-synchronous impedance variation. With the help of the variable resistance and capacitance the Wheatstone bridge is balanced. In doing so the real and the imaginary part of the body impedance are measured. 
amplitude of the calibration signal (0. 1 Q), lb the body length, R0 the 
resistive part of the body impedance, C the duration of one cardiac cycle 
and D the time from the largest impedance variation to the onset of the 
next curve (Fig. 36). A more detailed description of this method is given 
in Chapter 3. 
Various investigators made comparative measurements between an 
impedance method and other methods for measuring cardiac output. 
The latter include the Fick method, other indicator dilution techniques, 
electromagnetic flow measurement, CO2-rebreathing methods and es­
timation of cardiac output during exercise from measurements of 
oxygen uptake. The results of these comparative measurements are 
presented in table I. Almost all comparative measurements have been 
made with Kubicek's impedance cardiograph or similar instruments. As 
to the procedures used in these measurements, the following points 
should be noted. Many investigators used the circular-electrode-
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Table I .  Data from thi: literature on the determination of cardiac output by impedance measurement in comparison with various methods 
First author Subject N II Reference method Pb I Equation r Remarks 
Milsom 1982 (53) man I I  88 dye dilution H Im 25 0.82 rest and exercise Miyamoto 198 1 (54) 6 1 9  CO2 rebreathing H Is 25 0.9 1  rest and exercise .,. man Kubicek 1 966 (45 ) man IO 1 1 5 dye dilution 1 50 Im 25 rest and exercise Harley 1 968 (24) man 13  26 dye dilution 1 50 Im 25 0.68 Harley 1968 (24) man 24 24 dye dilution 1 50 Im 25 0.26 patients with heart disease Judy 1969 (36) man 1 7  28  1 131 dilution H Im 25 0.58 rest and exercise Kinnen 1970 (40) man 67 dye dilution 1 50 Im 24 0.84 patients with heart disease Smith 1970 (80) man 8 32 dye dilution 1 50 Im 25 0.83 head-up tilt procedure Sova 1 970 (82) man 20 20 dye dilution 145 1;,1 24 0.78 rest Sova 1 970 (82) man 1 2  1 2  dye dilution 145 1;,1 24 0.93 exercise Sova 1970 (82) man 9 9 dye dilution 145 I* m 24 0.80 patients with heart disease Baker 1971  (4) man 17 28 1 131 dilution 1 50 Im 25 0.58 Baker 1971  (4) man 10 2 1  dye dilution 1 50 Im 25 0.68 Baker 197 I (4) man IO 2 1  dye dilution H Im 25 0.66 Baker 1971  (4) dog I I  2 14 EMF 25 0.92 i.v. infusion of drugs Baker 197 1 (4) dog 2 149 qs from Pao 25 0.90 Lababidi 1971  (49) man 20 53 dye dilution H Im 25 children (no shunts or valvular insufficiency Lababidi 1 97 1  (49) man 2 1  2 1  pulmonic flow (Fick) H Im 25 0.96 children with left to right shunts Lababidi 1 97 1  (49) man 2 1  2 1  systemic flow (Fick) H Im 25 0.2 1 children with left lo right shunts Lababidi 1 97 1  (49) man 13  1 3  systemic flow (Fick) H Im 25 -0.3 1 children with aortic insufficiency Hartung 1 975 (27) man 8 260 thermal dilution 1 50 Im 25 0.63 patients after heart operation Hartung 1975 (27) man 8 264 qs from Pao 1 50 Im 25 0.57 patients after heart operation Ritz 1974 (70) man 22 37 dye dilution 25 0.98 intensive care patients Ritz 1974 (70) man IO Fick 25 0.93 
{ 1 50 Rasmussen 1 977 (68) man 3 27 dye dilution 1 75 Im 25 0.90-0.98 obese patients H Rasmussen 1 977 (69) dog 8 dye dilution 1 50 Im 25 0.8 1  different % halothane i n  inspired gas Rasmussen 1 975 (69) dog 8 dye dilution H Im 25 0.82 different % halothane in inspired gas Khatib 1975 (39) dog I O  thermal dilution H 25 different % halothane in inspired gas Denniston 1 976 ( 1 5) man IO 38 dye dilution H Is 25 0.90 rest and exercise Denniston 1 976 ( 1 5) man 10 38 dye dilution H Im 25 0.92 rest and exercise Gabriel 1976 ( 1 8) man IO  86 dye dilution 135 Im 25 0.85 patients with acute myocardial infarcuon 
First author Subject 
Keim 1976 (38) man Nechwatal 1 976 (60) man 
Nechwatal 1 976 (60) man Handt 1977 (23) man 
Secher 1 977 (76) man 
Naggar 1975 (58) man 
Knapp 1 976 (42) man Knapp 1976 (42) man 
Betz 1977 (7) man 
Naman 1970 (59) dog 
Hayashi 1 978 (28) dog Hayashi 1 978 (28) man Grogler 1976 (22) pig Grogler 1976 (22) pig Grogler 1 976 (22) pig Grogler 1 976 (22) pig Demange 1 972 ( 14) man 
Yamakoshi 1 973 (98) dog Yamakoshi 1 973 (98) dog 
Triulzi 1 973 (87) man Sternitzke 1975 (83) man 
N 
Vl Sorensen 1 975 (8 1 )  Sorensen 197 5 (8 1 )  
N II 
1 7  122 57 57 
48 48 10  
7 1 29 
14  14  
30 90 35 35 
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14  1 29 
5 9 1  46 1 5  5 1  35 32 34 22 22 
25 25 
I 68 
1 00 100 62 
Reference method 
dye dilution thermal dilution 
thermal dilution thermal dilution 
thermal dilution 
Fick 
qs from Vo Fick 2 
Fick 
dye dilution 
EMF dye dilution 
EMF 
EMF EMF 




EMF dye dilution 
Pb I Equation r Remarks 
H Im 25 0.49 patients, 14 with hypertension 1 35 Im 25 0.68 patients submitted for cardiac catheterization 1 35 Im 25 0.63 patients during supine ergometer test H Im 25 pre-, per-, post-dialysis in chronic patients 
H Im 25 0.86 patients submitted for cardiac catheterization 135 Im 25 0.91 patients (no shunts or valvular insufficiency) 135 Im 25 0.94 rest and exercise 
H Im 25 0.9 1 24 patients with, 1 1  without heart disease H Im 25 children (operated for pulmonic stenosis or tetralogy of Fallot) 0.9 1 stroke volume compared with the 
reactive impedance amplitude 25 0.87 
Im 25 0.76 rest and exercise Im 25 0.96 normovolaemic circulation Im 25 0.87 hypovolaemic circulation Im 25 0.78 hypervolaemic circulation Im 25 0.28 end-inspiratory measurements. 1 53 2 1  0.85 patients with heart disease; precordial strip electrodes 140 Im 25 0.70 1 40 Im 25 0.85 application of epinephrine and vasostigmin 1 50 Im 2 1  patients with heart disease 135 Is 25 0.7 1 patients without valvular heart disease or shunts 
H Im 25 0.92 no shun ts or valvular heart disease 
H Im 25 0.82 no shunts or valvular heart disease 
First author Subject N 11 Reference method Pb I Equation r Remarks 
Schieffer 1975 (74) man 10  Fick 1 35 Is 25 Sakai 1 977 (73) man 7 1  7 1  cineangiocardio- H 25 0.90 graphy Chapman 1977 ( 1 1 ) rat EMF and thermal H Im 25 0.78-0.95 dilution Pate 1 975 (64) dog 6 EMF Im 25 086 Pate 1 975 (64) dog 5 dye dilution Im 25 0.79 Pate 1 975 (64) dog 6 q5 from Pao Im 25 0.56 Pate 1 975 (64) dog 5 saline dilution Im 25 0.84 Matsumori 1 976 (52) man 20 4 1  dye dilution H Im 25 0.78 following open heart surgery Kobayashi 1 978 (43) man 10  qs from Vo. H Im 25 0.95 rest and submaximal exercise Boer 1979 (8) man 5 thermal ditJtion H Im 25 0.61 Hiltmann 1974 (33) man 8 thermal dilution 25 0.90 Hiltmann 1974 (33) man 8 dye dilution 25 0.92 Costeloe 1 977 ( 1 2) man qs from rebreathing H Im 25 0.88 children (H range 36-50i) N2O Pomerantz 1 97 1  (67) man 20 dye diluuon 1 50 Im 25 patients with various injuries Shen 1 979 ( 1 0 1 )  dog 1 0  1 9 1  EMF H Im 25 0.80 Secher 1979 (77) man 12 125 thermal dilution H Im 25 0.77 women before Caesarian section Secher 1 979 (77) man 12 95 thermal dilution H Im 25 0.55 women before Caesarian section Enghoff 1 979 ( 17)  man 1 5  1 5  dye dilution or Fick H Im 25 patients with various heart diseases Ti�cenko 1973 (86) man 24 28 Fick H 26/27 0.99 patients with various diseases Golikov 1977 (2 1 )  man 1 4  20 dye dilution H 26/27 0.92 patients with various diseases Golikov 1977 (2 1 )  man 19  30  1 131 dilution H 26/27 0.94 patients with vanous diseases Siegel 1 970 (78) man dye dilution Im 25 high risk general surgical patients 
N = number of subjects; 11 = number of measurements; EMF = electromagnetic flow measurement in the ascending aorta; q_s from Vo., = cardiac output estimated from oxygen uptake measurement ( I ) ;  qs from Pao = cardiac output calculated from the systolic part of the aortic pressure curve; Pb 
= the resistivity of blood (fl cm) (some investigators used mean values, others corrected for haematocrit value according to one of the various relatiomhips (Fig. 12) ;  I = distance between the measuring electrodes (P-electrodes); Im = average distance of the P-electrodes (cm) according to the electrode arr,mgement of Kubicek et al. (46) (Fig. 1 0); ls = shortest distance between the P-electrodes (cm) according to the electrode arrangement of Kubicek et al. (Fig. 10); 1:,1 = the average distance between electrodes round the neck and hip (cm); r = the correlation coefficient: H in column 6 means that fib has been calculated from the haematocrit. 
arrangement according to Kubicek et al. (47) with the chest electrode at 
the level of the xyphisternal joint (Fig. 10). For l in equation 23, 24 and 
25 most of them took the average distance between the P-electrodes, 
while others took the shortest distance between these electrodes. The 
average distance was sometimes obtained by taking the average of the 
longest and shortest distance and at other times by midaxillary meas­
urement. Demange et al. ( 14) used precordial strip electrodes instead of 
the circular electrode arrangement. Almost all investigators recorded 
the heart-synchronous impedance variations during end-expiratory 
breathholding to exclude the influence of respiration on the thoracic 
electrical impedance. Some, however, measured during respiration, and 
used only the end-expiratory parts of the tracing to calculate cardiac 
output. In integral rheography, breathholding would not be required. 
For the resistivity of blood, some investigators used mean values. 
Others showed that the resistivity of blood depended on the haematocrit 
value. These authors therefore calculated the resistivity from a 
predetermined relationship between resistivity of blood and haemato­
crit value. However, the relationship between resistivity of blood and 
haematocrit value as reported by several investigators differs widely 
(92) (Fig. 12). 
In almost all the investigations represented in table I ,  the left instead 
of the right ventricular ejection time was used because it was assumed 
that the heart-synchronous impedance variation was related to left 
ventricular ejection rather than to right ventricular ejection as formerly 
assumed by Patterson (65). It should also be noted that the comparative 
measurements of cardiac output have been performed in various 
species. 
To calculate cardiac output from the impedance measurements, 
several investigators used equation 2 1. To correct for the blood leaving 
the thorax, they used either the extrapolation procedure shown in figure 
8 or other extrapolation procedures. Most investigators used equation 
25 given by Kubicek et al. (45), in which for le the left ventricular 
ejection time was substituted. Several investigators (4, 7, 8, 49, 58, 70) 
showed that the precision of the impedance method was at least as good 
as the precision of their reference method. However, the systematic 
difference between the impedance method and the reference method, as 
obtained by the different investigators, varied widely. Most inves­
tigators concluded that absolute values of stroke volume or cardiac 
output cannot be obtained by the impedance technique, but that 
changes can be reliably detected if no cardiac abnormalities are present. 
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HUMAN BLOOD . TEMPERATURE•37 " C  
RESISTIVITY ( ohm. c m )  C o hm . m ) 
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1 7 5  
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Fig. 12. Relationship between res1st1vny o f  human blood a t  body temperature and 
haemotacrit value according to various authors. 
Yamakoshi et al. (99) Pb = 50. 7  e0,023 H 
+ +++++++++ Geddes and Sadler (20) Pb = 53.2 e0.022 H 
* · * • * · * • * • Geddes and Sadler (20) Pb = 58( 1 + 2·25 H)/( 1  - _3_ H) 
300 300 
********** 
+ · + • + • + • + •  
.:, •u •c •o •o • 
o+o+o+o+o+ 
Rosenthal and Tobias (72) 
Kubicek • 
Mohapatra et al. (55) 
Yamakoshi et al. ( 100) 
Tanaka et al. (84) 
Hill and Thompson (30) 
Mohapatra and Hill (56) 
Pb = 62.9 e0,0 1 95 H 
Pb = 7 1 .24 e0.000358 IF 
Pb = 68 e0,025 H 
Pb = 65.8 e0.0 1 7  H 
Pb = 66( 1 + -12._ H)/ ( l  - � H) 300 300 
Pb = 30. 1  + 2. 1 02 H 
Pb = 20.9 1 6  + 2.424 H 
In all equations the haematocrit (H) is expressed in % and the resitivity of blood (Pb) in O · 
cm. 
• Calculated by us from a graph provided by Instrumentation for Medicine Inc., 
Minneapolis, USA. 
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Relationschip between the shape of the dZI dt tracing and some events 
in the cardiac cycle. Indices of left ventricular performance 
Lababidi et al. ( 48) recorded dZI dt simultaneously with electrocar­
diogram and heart sounds in 9 1  patients. It was found that in this tracing 
distinct points occur synchronously with the heart sounds (Fig. 13). The 
dZI dt tracing can thus be used for timing the events in the cardiac cycle 
and as an aid in identifying heart sounds. 
Various investigators (6, 3 1, 46, 5 1, 68) compared left ventricular 
ejection time Ue) as determined from dZ!dt tracings with values 
obtained either from ascending aortic pressure curves or from carotid 
pulse tracings. The sharp X-point occurring synchronously with the 
aortic component of the second heart sound (Fig. 13) was actually 
taken to be the end point. When there was no single X-point apparent in 
the tracing, the aortic component of the second heart sound was used as 
the end point. The zero-crossing of the dZ! dt tracing before the 
principal peak (roughly coinciding with point B in Fig. 13) was by most 
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Fig. 1 3. Demarcated points in the dZ!dt tracing according to Lababidi et al. (48). dZ!dt tracing (impedance), heart sounds (phono) and electrocardiogram (EKG). A. Patient with Ebstein's malformation; heart sounds picked up at the cardiac apex. The A point in the dZ! dt tracing occurs synchronously with the fourth heart sound (S4). B. Normal subject; heart sounds picked up at the cardiac apex. The B and Z points in the 
dZ!dt tracing occur synchronously with the first (S1 ) and third (S3) heart sound, respec­tively. C. Normal subject; heart sounds picked up at the pulmonic area. The X and Y points in the 
dZ!dt tracing occur synchronously with the maximum deflection of the aortic (A2) and pulmonic (P2) component of the second heart sound (S2), respectively. Time lines denote 0.04s intervals. Reproduced from reference 49. 
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the left ventricular ejection. Instead of the zero-crossing of dZ!dt before 
the principal peak, Kubicek et al. (46) proposed the moment of 0. 1 5  
(dZI dt)min as a starting point for the measurement of te, because of 
occasional small oscillations occurring in the tracing. Rasmussen et al. 
(69) found, in 8 experiments performed in dogs, a good correlation (r = 
0.986) between le from dZ!dt tracings and from ascending aortic 
pressure curves. Hill and Merrifield (31) found, in man, a good corre­
lation (r = 0.952; n = 355) between le from dZ!dt tracings and from 
carotid pulse tracings. Balasubramanian et al. (6) found in normal 
subjects that le from dZI dt tracings was within 10  ms of le from carotid 
pulse tracings (r = 0.976; n = 50). They stated that a major advantage 
of using impedance cardiography in preference to carotid pulse tracings 
for routine systolic time interval estimation, is that impedance pulse 
transmission time is negligible. 
The negligible transmission time allows direct measurement of the 
pre-ejection time (tpe), i.e. the time from the onset of ventricular depo­
larization to the opening of the aortic valve. The pre-ejection period is 
determined as the time from the onset of the QRS complex of the 
electrocardiogram to the zero-crossing point of the upstroke limb of the 
dZ! dt tracing. Weissler et al. (95) proposed the use of systolic time 
intervals (total electro-mechanical systole, left ventricular ejection time 
and pre-ejection time) as indices of left ventricular performance. 
Some investigators (29, 5 1 ,  78) tried to extract other indices of left 
ventricular performance from dZ! dt tracings. Heather (29) proposed 
the ratio of the extreme rate of change of the thoracic impedance 
(dZ!dt)min and the time interval from the top of the R wave of the ECG 
to the peak of the dZ! dt tracing: 
Heather index = _ ___,_(d_Z_l_d_t'""'")m'""'"z=·n,.__ 1(R-(dZ! dt)min) 
The Heather index is expressed in n ·  s-2• 
(28) 
Baker et al. (3) compared in dogs the ratio of the pre-ejection period 
and left ventricular ejection time (tpelte), the second derivative of the 
heart-synchronous impedance variation (d2Z!dt2), the Heather index, 
the square of the reciprocal of the pre-ejection period (tpe-
2) and the 
first derivative of the signal from an electromagnetic flow probe round 
the ascending aorta (dq!dt). The effect on these indices of agents 
affecting the inotropic state of the heart (epinephrine, isoprenaline and 
pentobarbital) was studied. Heather index, d2Z!dt2, lpe-2 and dq!dt 
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proved to be five times more sensitive indicators of left ventricular 
performance than the index t
pe
lte, which is clinically used. 
Siegel et al. (78) compared m the dog the time from the R wave of the 
ECG to the maximum value of the first derivative of left ventricular 
pressure t(R--o,(dp! dt)max) with the time from the R wave to the onset of 
the rapid upstroke of the principal peak (B point in figure 1 3) of the 
dZ! dt tracing (t(R--o,(dZ/ dt)B)- 150 observations were made in seven 
dogs in which myocardial contractility and vascular tone were altered 
by administration of drugs. A good correlation was found between 
t(R--o,(dp!dt)max) and t(R-(dZ!dt)B) (r = 0.88). Therefore, 
t(R--o,(dZI dl)B) was regarded as an index of myocardial contractility. 
Matsuda et al. (5 I )  measured the time from the onset of ventricular 
depolarization (as indicated by the beginning of the Q wave of the 
ECG) to the maximum value of the first derivative of left ventri­
cular pressure t(Q--o,(dp! dt)max) and to the extreme value of the dZ! dt 
tracing t(Q--o,(dZ!dt)min)· In 23 patients with coronary artery disease a 
good correlation was found between these time intervals (r = 0.9 I). 
Investigation of the origin of the heart-synchronous impedance 
variation 
The work of Bonjer et al. (9, IO) and Nijboer (62) concerning the origin 
of the heart-synchronous impedance variations has already been men­
tioned (cf p. 15 and 16). Their conclusion was that the thoracic 
electrical impedance variations originated from variations in arterial 
blood volume mainly resulting from left ventricular ejection. In 1967 
Hill et al. (32) tried to show that pressure effects at the electrode-tissue 
interface cause the impedance changes. This view was sharply criticized 
by Kinnen (41). His criticism was supported by the work of Tarjan and 
Mcfee (85), who made measurements of impedance fluctuations in the 
human thorax by a magnetic induction method which did not require 
the attachment of electrodes to the skin. 
Witsoe and Kottke (97) reported, in 1 967, on impedance measure­
ments in anaesthetized closed-chest dogs, in which pulmonary and 
aortic flow were measured. Dissociation of pulmonary flow and aortic 
flow was produced by inflation of atrial balloons. One dog developed a 
left ventricular mechanical alternans while right ventricular function 
remained normal. These experiments showed that the rapid systolic 
decrease in thoracic impedance occurred only when blood was ejected 
into the aorta and that it was independent of right ventricular ejection. 
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Geddes and Baker ( 19), who measured thoracic electrical impedance 
variations before and after diastolic injection of 2 ml of a 200 g/1 NaCl 
solution into either ventricle or at different levels into the inferior caval 
vein and the aorta, concluded that left ventricular ejection was indeed 
more important, but that right ventricular ejection also contributed to 
the signal. Baker (5), experimenting on a calf with an implanted 
mechanical heart of which each ventricle could be stopped briefly, 
found that the left ventricle contributed 60% of the impedance signal, 
whereas the right ventricle contributed 40%. Ito et al. (35), who 
perfused, in the dog, the aorta and the pulmonary artery by means of a 
pulsatile pump, also found that the impedance variations originate from 
systemic rather than from pulmonary blood flow. 
Harley (25) measured thoracic electrical impedance variations in 
patients with atrial septa! defects. Pulmonary blood flow is increased in 
these patients due to shunt blood from the left to the right atrium. Once 
the defect had been closed, it was found that the amplitude of the .1Z 
tracing, compared with the preoperative signal, remained unchanged. 
In patients with aortic insufficiency, however, both the amplitudes of 
.1Z and dZ!dt, were greater than normal. In patients with aortic or 
pulmonary stenosis, these signals were not reduced. 
In experiments on dogs reported by Harley and Cormack (26), in 
which acute left ventricular outflow obstruction was induced, there was 
a decrease in the amplitude of the systolic part of the .1Z tracing and a 
change in the shape of the signal. In acute right ventricular outflow 
obstruction, .1Z remained unchanged. In 1 974, Kubicek et al. (47) 
described flowmeter studies in dogs in which they found a linear 
relationship between the peak height of the ascending aortic flow and 
the extreme rate of change of the heart-synchronous impedance 
variation ((dZ! dt)min)-
In 1 978 the importance attributed to aortic flow was questioned by 
Patterson et al. (66) on the ground of experiments on dogs. After stop­
ping the circulation, they infused blood into the ventricles, the atria, the 
lungs or isolated segments of the aorta in a stepwise or continuously 
varying manner. The results of these experiments showed that imped­
ance variations due to equal volume variations in the aorta and the atria 
are of similar magnitude. Volume variations in the ventricles, however, 
produced significantly smaller impedance variations. Equal blood 
volume pulses into the lungs and the aorta caused impedance variations 
of similar magnitude. Estimations based on controlled pressure changes 
indicated that aortic volume variations caused less than 30% of the 
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impedance variations. It was concluded that variations in volume of 
several of the intrathoracic cardiovascular structures are likely to be 
involved in the generation of a composite cardiogenic electrical 
impedance signal. 
In all the studies described above, the investigators were convinced 
that the impedance variations originated from blood volume variations. 
The object of these studies was the localization of the relevant volume 
variations. Another possible factor in the causation of the heart­
synchronous impedance variations was mentioned by Schreinicke (75) 
in 1968. Using rigid tubes in which no volume variations occurred, he 
observed that the impedance of blood varied in pulsatile flow. The 
resistivity of blood changed when the blood started to flow. This had 
earlier been recognized by other investigators (50, 57, 79), but it was not 
regarded as an important factor in impedance cardiography. Our ex­
periments (90, 9 1) have shown that blood flow dependent changes in 
resistivity are an important factor in impedance cardiography as is 
further described in chapters 4 and 5. 
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Chapter 3 
Determination of stroke volume by electrical impedance 
methods 
In impedance cardiography and related methods the thoracic imped­
ance Z or the thoracic admittance Y is measured. In this chapter two 
commonly used instruments and their application in healthy subjects 
and patients are discussed: the IMPEDANCE CARDIOGRAPH according to 
Kubicek ( 19) and the INTEGRAL RHEOGRAPH according to Tiscenko (33). 
There are, however, many more devices in use (36, 27, 30, 3, 1 5). Most 
instruments measure impedance, but some measure admittance (36, 27, 
15). 
Figure 14 shows a general scheme of an impedance and/or ad­
mittance measuring system. The source is either a current or a voltage 
source of constant amplitude and single frequency. Alternating current 
is used in all cases. In this way, electrical stimulation and polarization at 
the electrodes is avoided. Narrow band carrier amplifiers can be used, 
yielding a good signal-to-noise ratio. For reasons of safety Geddes and 
Baker (10) recommend a minimum frequency of 20 kHz. A maximum 
frequency of 1 00 kHz should be used because at higher frequencies 
blood can no longer be considered to be a pure resistance (35). Shielding 
becomes more difficult at higher frequencies ; the impedance of the 
cable connecting the patient to the apparatus becomes larger. 
The thorax (or the entire body) is connected to the source by two 
electrodes. As a result a current flows through the subject. The mag­
nitude of this current should not exceed a few milliampere ( IO). When 
using a four-electrode-system (Fig. IO), the measuring electrodes are 
I source li---il)--1 object ! 1---->--1 detection ! 1-->--11 processing I 
t - - - - - - � - � 
Fig. 14. General scheme of an impedance and/or admittance measuring system. 
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placed separate from the current-carrying electrodes. This makes it 
possible to measure at some distance from the large inhomogeneity in 
current distribution in the vicinity of these electrodes. In the case of two 
electrodes the influence of this inhomogeneity can be diminished by 
placing the electrodes at a considerable distance from each other. When 
using a two-electrode-system, the contact resistance between each 
electrode and the skin is also measured ( IO). This contact resistance can 
be minimized by using electrodes with a large surface area (5) and by 
ensuring a good contact between electrode and skin. The thoracic 
impedance and its variation are influenced by the positions of the 
electrodes (4, 22). Therefore, the positions of the electrodes should 
always be mentioned and preferably be standardized. An additional 
measuring circuit makes it possible to pick up a (non-standard) ECG 
from two electrodes. 
When using a two-electrode-system, Z(t) can be connected as one 
arm of a Wheatstone bridge. A constant-voltage-source is then 
employed to feed the bridge. By balancing the bridge with an imped­
ance consisting of a variable resistance and a variable capacitance the 
real and imaginary parts of Z0 are measured. If it is deemed necessary to 
measure the real and imaginary parts of 6.Z as well, a phase-sensitive 
detector is required (indicated by the dotted line in figure 14); if not, 
rectification suffices. With rectification a slightly unbalanced bridge is 
employed, because this is required by the detector and because the sign 
of 6.Z would otherwise be lost. The use of an unbalanced Wheatstone 
bridge makes the detecting system non-linear. 
When instead of a Wheatstone bridge a circuit with a constant-cur­
rent-source is used, the potential difference between the electrodes is 
proportional to Z(t). If the measurement of the real and imaginary parts 
is desired, a phase-sensitive detector is required. If the current through 
the thorax is regulated in such a way that the potential difference 
between the P-electrodes remains constant, the magnitude of the cur­
rent is proportional to the thoracic admittance (27). Another way to 
measure the admittance is by using a constant-current-source and 
dividing the current by the measured potential difference ( 1 5). 
The processing of the signal mostly consists of separating Z0 and 6.Z 
and differentiating Z(t). Separating Z0 and 6.Z is easier when a 
Wheatstone bridge is used. Since 6.Z is small compared with Z0 (I% in 
Kubicek's method, 0.1 % in Tiscenko's method) the requirements as to 
the accuracy of the measurements are high. The easiest way to obtain a 
stable baseline for the 6.Z tracing is to make the recording at end-ex-
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piratory breathholding. It has been reported that some systems can give 
a stable baseline during respiration (3). Bleicher et al. (3) constructed an 
apparatus which directly gives the stroke volume from the measured 
signals and in addition also derives other parameters such as heart rate 
and systolic intervals. 
As the apparatus is directly connected to a human subject the safety 
requirements are of prime importance. Care must be taken that the 
instrument conforms to existing standards, e.g. those of the Intern­
ational Electrotechnical Commission. When the instrument is used in 
clinical practice (intensive care; surgery) provisions should be made for 
its use during cardioversion and electrosurgery. 
Kubicek's method: impedance cardiography 
The Minnesota Impedance Cardiograph is the most widely used device 
for the determination of stroke volume by impedance measurement. 
For a measurement four disposable aluminized Milar®strip electrodes 
are placed round the neck, chest and abdomen of the subject (Fig. 10). 
Milar "'is a very strong polyester sheet material which provides a firm 
support for the very thin aluminium layer which is applied to it by an 
evaporative process. The outer electrodes (I-electrodes) are spaced at 
least 3 cm away from the inner electrodes (P-electrodes) in order to stay 
away from the large inhomogeneities in the current distribution in the 
vicinity of the I-electrodes. A constant sinusoidal alternating current of 
4 mA and 100 kHz is passed longitudinally through the thorax by the 
upper neck and the abdominal electrodes. With the help of the inner 
electrodes a potential difference is picked up by a linear amplifier with a 
high input impedance. This potential difference divided by the current 
is the thoracic electrical impedance (Z(t)). 
Figure 1 5  shows a block diagram of the instrument. The modulus of 
the impedance is measured, its phase not. Detector, automatic balanc­
ing circuits, differentiator and calibration circuits are connected to 
output terminals in the rear of the instrument. For timing the events in 
the cardiac cycle the instrument is provided with ECG and heart sound 
amplifiers. The electrocardiogram is taken from the I-electrodes. An 
active ground, a special isolation power transformer and other patient­
protective circuits are incorporated. With this instrument five signals 
can be obtained simultaneously : Z0 , the modulus of the thoracic 
impedance between the P-electrodes (also displayed on a digital panel 
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Fig. 15 .  Block diagram of the main circuit elements of the Minnesota Impedance Car­
diograph model 304A. Redrawn from reference 1 8. 
derivative of Z(t); an electrocardiogram; a heart sounds tracing. 6.Z and 
dZI dt are recorded upside down: a decrease is recorded as an upward 
deflection. 
A normal recording (without the Z0 signal) is shown in figure 16. By 
means of a switch, the 6.Z and dZ!dt signals are substituted by 
calibration signals of - 0.1 Q and - 1 Q · s-1, respectively. To exclude 
the influence of respiration, recordings are usually made during end­
expiratory breathholding. 
The average values of (dZ!dt)min and left ventricular ejection time 
Ue) taken from 5-10 successive beats are used to calculate stroke volume 






Fig. 16. Tracings obtained with the Minnesota Impedance Cardiograph. 
Normal subject during end-expiratory breathholding. Supine position at rest. From top to 
bottom :  electrocardiogram (ECG), heart sounds (PCG), heart-synchronous variation in 
thoracic impedance (�Z), first derivative of the thoracic impedance (dZ!dt). le = left 
ventricular ejection time. Z0 = 22.2 n. 
-Pb /2 (dZ!dt)min le 
V/vs = zo2 (29) 
in which V/vs is the left ventricular stroke volume, Pb the resistivity of 
blood, I the average distance between the P-electrodes (hereafter refer­
red to as the average P-electrode distance), (dZ!dt)min the extreme 
value of the rate of change of the modulus of the thoracic impedance, le 
the left ventricular ejection time and Z0 the modulus of the thoracic 
electrical impedance. This equation is analogous to equation 25. Car­
diac output is obtained by multiplying stroke volume by heart rate, the 
latter being calculated from the average cardiac cycle length. When 
using admittance, the equation for calculating the stroke volume be­
comes ( 15): 
Vtvs = Pb 12 (dYI dt)max le (30) 
where (dY!dt)max is the maximum value of the first derivative of the 
thoracic admittance Y. This formula can be derived by replacing 
impedance by admittance in the derivation of equation 29. 
It is not necessary in all cases to make recordings during breathhold­
ing. When respiratory volume and rate are limited, the stroke volume 
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can be calculated from the end-expiratory parts of the dZI dt tracing 
(21 ). Vigorous muscular contractions disturb the 6.Z and dZI dt tracings. 
Therefore, recordings cannot be obtained during physical exercise. 
However, it is possible to obtain undisturbed tracings immediately after 
stopping exercise, provided that the breath can be held for a few 
seconds. Only after exercise at a supermaximum work load (i.e. a work 
load requiring more oxygen than ( Vo )max (2) is it not possible to 
obtain undisturbed tracings. From practrcally every dZ! dt tracing taken 
at rest, values of (dZI dt)min and heart rate can be easily obtained. 
Measurement of left ventricular ejection time, however, can sometimes 
be difficult when no distinct single X-point is apparent in the dZ!dt 
tracing (Fig. 13). This is especially the case in tracings taken 
immediately after exercise. In that case the end point of left ventricular 
ejection has to be determined from the aortic component of the second 
heart sound. As the starting point is usually taken the zero-crossing of 
the large upstroke part of the dZI dt tracing. 
It should be noted that values of Z0, (6.Z)min and (dZ!dt)min are 
influenced by the body position. When the body position is changed 
from erect to supine the value of Z0 decreases, while the amplitudes of 
6.Z and dZ!dt slightly increase. Therefore, literature data on impedance 
measurements can only be compared when the body position during the 
measurement is given. In chapter 5 the influence of the body position, 
especially with regard to the shape of the impedance cardiogram is 
discussed. 
Influence of electrode position 
When using the Minnesota Impedance Cardiograph it is customary to 
place the chest P-electrode at the anterior side at the level of xyphis­
ternal joint. At the back of the subject, however, the position of this 
electrode may then vary to a considerable extent. In our experience (22) 
this variation in the position of the chest P-electrode influences the 
measured values of Z0, 6.Zmin and (dZI dt)min· The stroke volume: 
obtained with equation 29, in which / is the average P-electrode distance, 
also appeared to vary with the position of the chest P-electrode at the 
back. 
To investigate the influence of the position of the electrodes on the 
values of Z0, (6.Z)min, (dZ!dt)min and calculated stroke volume we 
carried out measurements in 1 1  healthy, male subjects in supine 
position. The two electrodes round the neck were placed in the position 
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shown in figure lO, while the position of the other two electrodes was 
varied. First, the P-electrode round the chest was kept in one and the 
same position and the position of the abdominal I-electrode was varied 
over a wide range downwards from 3 cm below the chest P-electrode. 
The vallues of Z0, (ilZ)min, (dZ!dt)min and calculated stroke volume 
proved to be independent of the position of the abdominal I-electrode. 
This showed that a distance of 3 cm between the abdominal I-electrode 
and the chest P-electrode is enough to avoid any influence of the 
position of the I-electrode on the measurement. 
Next, with the abdominal I-electrode kept in a fixed low abdominal 
position, the position of the chest P-electrode was varied. Variation of 
the average P-electrode distance proved to have a considerable in­
fluence on the values of Z0, (ilZ)min and (dZ/ dt)min· The pattern of 
the heart-synchronous impedance variation also changed due to the 
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Fig. 1 7. Influence of the average P-electrode distance on the value of Z0. Results of measurements in 6 healthy male subjects in supine position. The other 5 subjects yielded similar results: these have been left out for the sake of pictorial clearness. 
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variation in the average P-electrode distance, but all peaks and troughs 
remained clearly distinguishable. 
The increase in Z0 which occurs with increasing average P-electrode 
distance is shown in figure 17. In one and the same subject the relation is 
linear over the whole range measured, despite the large differences in 
resistivity between the various intrathoracic and intra-abdominal 
tissues. Between subjects, however, there is a considerable variation in 
measured Z0 values at corresponding average P-electrode distances. 
All lines of figure 17 show a positive slope as expected because the 
resistance of a cylindrical conductor is directly proportional to its length 
and inversely proportional to its cross-sectional area. The lines would 
show a positive y-intercept when linearly extrapolated to zero. Actually, 
Z0 will be zero when the two P-electrodes coincide. This means that the 
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Fig. 1 8. Relation between average P-electrode distance and Z0. Different positions of the upper P-electrode in one and the same subject. Line A was obtained with the upper P-electrode round the base of the neck, line B with this electrode round the upper part of the thorax. 
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greater change in 20 per unit length in P-electrode distance when the 
two electrodes are round the neck. This is borne out by the data of figure 
18 (line B). In this experiment the upper P-electrode was not placed 
round the base of the neck, but round the upper part of the thorax. The 
relationship between the average P-electrode distance and 20 then 
obtained is linear over the whole range measured and passes through 
the origin. Therefore, the same distance between equipotential planes 
in the thorax shows the same potential difference. This does not hold 
for equipotential planes in the vicinity of the neck (29). A better loca­
tion for. the upper P-electrode would probably be the upper part of the 
thorax. However, in out application of the method we placed this elec­
trode round the base of the neck in order to adhere to the established 
operation procedure procedure given in the literature. 
The extreme value of the heart-synchronous impedance variation 
(t:i.Z)min and the extreme rate of change in thoracic impedance 
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Fig. 19. Influence of the average P-electrode distance on the value of (tlZ)min· Resulls in 6 healthy male subjects in supine position. 
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(dZI dt)min proved to decrease with increasing average P-electrode 
distance, though not in a linear fashion. At higher values of the average 
P-electrode distance (tlZ)min and (dZ!dt)min decreased progressively 
less (Figs. 1 9  and 20). As in the case of 20, there was a considerable 
interindividual variation in (tlZ)min and (dZI dt)min at the same 
average P-electrode distance. 
The dependence of 20/ I and (dZ! dt)min on the average P-electrode 
distance has considerable influence on the stroke volume as calculated 
with equation 29. Cardiac output was calculated using this equation 
with / = 22 cm, and Pb (Q · cm) calculated from the haematocrit using 
equation 3 1. (cf Fig. 1 2) 
Pb = 7 1 .24 e0.000358 H2 (3 1) 
where H is expressed in %. Figure 2 1  shows how the calculated cardiac 
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Fig. 20. Influence of the average P-electrode distance on the value of (dZ!dtJmin· Results of measurements in 6 healthy male subjects in supine position. The other 5 subjects yielded similar results; these have been left out for the sake of pictorial clearness. 
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output increases with increasing average P-electrode distance. This 
effect of the average P-electrode distance on the calculated cardiac 
output has largely been ignored until recently (4,22). This is obviously 
due to the fact that the assumptions underlying equation 29 preclude 
such a dependence of calculated cardiac output on the average P­
electrode distance. 
Consequently, for the determination of cardiac output by impedance 
measurement the average P-electrode distance should be standardized. 
The lack of such a standardization partly explains the considerable 
differences between the various comparative studies summarized in 
table I .  We have chosen an average P-electrode distance of 22 cm 
because with this electrode distance physiologically reasonable cardiac 
output values were obtained with the Minnesota Impedance Car­
diograph (Fig. 2 1  ). 
IMPEDANCE CARDIAC OUTPUT C l /m t n l  
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Fig. 2 1 .  Influence of the average P-electrode distance on the cardiac output calculated with equation 29. Results of measurements in 1 1  healthy male adults in supine position. For individual lines r ranges from 0.96-0.99. 
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Our choice of a fixed average P-electrode distance of 22 cm does not 
imply that the electrodes have to be applied to each subject in exactly 
the same way. Because the equipotential lines on the thoracic wall are 
parallel the distance between the P-electrode round the chest and the 
P-electrode round the neck may be 20 cm at the anterior side and 24 cm 
at the back, or the converse of this. Thus in female subjects the P­
electrode round the chest can be placed just below the breasts. The 
standardized average P-electrode distance was used in all our sub­
sequent measurements in adults. 
The function of the I-electrodes is to create an electric field in the 
thorax. Their positions are not of critical importance, provided that the 
distance of the P-electrode from the I-electrode is large enough to stay 
away from the large inhomogeneities in current distribution in the 
vinicity of the I-electrodes (cf p. 36) (2:: 3 cm). The I-electrodes should 
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Fig. 22. Influence of thoracic circumference on the measured thoracic impedance. Results of measurements in 35 healthy subjects. Circles: males, dots: females. Regression 
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be in contact with the skin all round the neck and abdomen. The 
function of the P-electrodes is to measure potential difference. Since the 
equipotential planes on the thoracic wall are parallel (cf p. 42), they 
need not be in contact with the skin completely round the neck and 
thorax. A bandage or plaster may remain under part of the P-electrodes. 
Influence of thoracic circumference 
Measurements were made with the same average P-electrode distance 
(22 cm) in 27 healthy male subjects ( 1 9-25 years of age) and in 8 healthy 
female subjects ( 1 9-22 years of age). The measured Z0 value was 
compared with thoracic circumference at the level of the chest P-
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Fig. 23. (dZ)min plotted against thoracic circumference. Results of measurements in 35 healthy subjects during maximum exercise. Circles: males, dots: females. Regression line of equation: y = -0.545 + 0.0038 1 x. 
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electrode. Figure 22 shows that Z0 decreases with increasing thoracic 
circumference. This is as expected, since the resistance of a conducting 
body is inversely related to its cross-sectional area. 
Figures 23 and 24 show the increase in (tlZ)min and the increase in 
(dZ!dt)min immediately after maximum exercise, respectively, occur­
ring with larger thoracic circumference. The dependence of the 
maximum amplitude of tlZ and dZ!dt upon thoracic circumference 
was studied immediately after maximum exercise as the influence of the 
differences in heart rate and left ventricular ejection time between the 
subjects is then minimal (Tab. 2). The cardiac output immediately after 
maximum exercise, as calculated with equation 29, does not show any 
significant correlation with the thoracic circumference (Spearman's 
rank correlation coefficient rR = 0.33 (16)). 
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Results of measurements in 35 healthy subjects during maximum exercise. Circles: males, 
dots: females (2 observations coincide). Regression line equation: y = 9.25 + 0.049 x. 
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� Table 2. Impedance data of 35 healthy adult subjects at rest and immediately after maximum exercise. 
at rest 
Subject sex lb mb 0 le Zo (t,.Z)min (dZ!dl)min le H qs le 
immediately after maximum exercise 
Zo (/).Z)min (dZ/d/)min le qs 
No. (cm) (kg) (cm) (min- 1 ) (Q) (Q) (Q·s-1) (s) (%) (I min-1) (min-1) (Q) (Q) (Q·s-1 ) (s) (l·min- 1 ) 
I m 180 59.5 8 1  62 22.9 -0 . 1 9  2.75 0.23 48.0 7. 1 1 88 23. l -0. 1 5  -3.33 0. 1 2  1 3.3 
2 m 177 76.5 93 63 1 9.3 0. 1 9  - 1 .83 0.22 45.5 4.9 1 82 18.7 0. 19  -4. 1 7  0. 1 2  1 8.6 
3 m 1 88 77.5 92 55 19.5 0. 1 5  -2.00 0.26 47.2 6.3 1 88 19.8 0. 16  -3.50 0. 1 2  1 7.0 
4 m 1 79 67.0 92 l03 1 8.8 -0. 1 8  -2.25 0. 1 9  44.5 l0.0 1 88 1 8.4 -0.2 1 -4.83 0. 1 2  25.7 
5 m 1 88 79.5 94.5 88 1 7.5 -0. 1 3  - 1 .83 0.20 5 1 .7 8.7 1 76 17.6 -0. 12  -3.33 0. 12  18.8 
6 m 1 83 79.0 93 58 1 7.8 -0. 14  -2.00 0.24 49.7 7.8 1 76 17.6 -0. 1 7  -4.00 0. 1 3  26.3 
7 m 1 85 68.6 87 75 2 1 .5 -0. 1 7  -2.00 0.2 1 48.0 5.5 1 88 20. 1 -0. 19  -4.33 0. 1 2  19.6 
8 m 1 84 76.0 92.' 58 1 8.0 -0. 1 5  - 1 .83 0.25 48.5 6.8 1 77 1 8.0 -0. 14 -3.75 0. 1 3  22.2 
9 m 180 59.5 I O I  73 19.4 -0. 1 3  - 1 .83 0.2 1 48.0 6.4 188 1 9.4 -0. 1 5  -3.67 0. 12  18.9 
10 m 1 83 96.0 l02 94 1 8.2 -0. 10  - 1 .50 0. 19  49.7 5.9 1 88 17.5 -0. 12 3.83 0. 1 2  26.6 
I I  m 193 88.0 93 73 20.8 -0. 1 5  -2. 17  0.2 1  45.3 6.3 1 67 2 1 .0 -0.2 1 -5.00 0. 1 2  18.7 
12 m 1 78 73.5 88 50 23.0 -0.2 1 2.00 0.24 48.4 3.7 1 88 2 1 .8 0. 1 7  -3.75 0. 1 2  14.7 
1 3  m 1 74 62.0 87 9 1  22.4 0 . 1 9  -2.33 0.20 48.3 7. 1 1 82 22.6 -0.20 -4.83 0. 1 2  17. I 
14 m 185 77.0 96.5 94 2 1 .4 0. 1 7  -2. 1 7  0. 16  47.8 5.7 200 2 1 .2 -0.2 1  -4.33 0. 1 2  18.4 
1 5  m 180 62.5 82 98 24.5 -0. 19  -3. 1 7  0. 1 9  46.5 7.3 1 88 25.2 -0.27 -7.83 0. 1 2  20.7 
16  m 1 8 1  74.0 96 65 1 9.7 -0. 1 7  -2.50 0.22 5 1 .4 8.2 182 19.7 -0. 19  6.67 0. 1 2  34.3 
17  m 179 72.0 92 87 2 1 .2 -0. 1 7  - 2.00 0.20 47.0 5.9 1 94 20. l -0.20 4.3 1 0. 1 2  1 8.9 
18 m 1 83 62.5 89 63 2 1 .7 -0.23 -2.3 1  0.22 43.2 4.6 182 22.7 -0. 19  4.92 0. 1 3  1 5.2 
19 m 1 86 75.0 90 65 20.9 -0.2 1 - 2.46 0.22 49.2 6.6 1 88 22.6 0.24 5.38 0. 1 2  19.5 
20 m 1 80 7 1 .0 92 60 23.0 -0.20 2.33 0.23 46.6 4.5 1 97 23.5 0.2 1  -5.83 0. 1 2  18.6 
2 1  m 1 77 67.0 85 66 2 1 .5 -0.20 -2.62 0.23 45.5 6.3 1 76 2 1 .6 -0.2 1  5.85 0. 12 1 9.2 
22 m 1 83 76.0 89 63 24.6 0.2 1 -2.3 1 0.24 53.2 5.6 1 76 23.6 0.20 4.62 0. 1 2  1 7.5 
23 m 1 9 1  70.0 92 75 2 1 .0 0.23 -2.46 0.22 52.5 8.5 194 20. 1 0. 1 8  -5.23 0. 1 2  25.4 
24 m 186 76.0 92 55 2 1 .8 0.29 -3.97 0.25 49.3 7.5 1 76 2 1 .5 0.26 -6.35 0. 1 2  18.9 
25 m 187 74.0 94 6 1  20.3 -0.22 -3.22 0.26 46. 1 9. 1 1 8 1  20.3 -0.22 -6. IO 0. 12 23.6 
26 m 180 75.0 98 70 1 9.2 -0.24 -2.67 0.23 44.6 8. 1 1 67 19. 1 -0. 1 8  -3.67 0. 1 3  1 5.2 
27 m 182 86.0 100 67 19.0 -0. 1 8  -2.24 0.26 52.4 9.8 1 76 19.3 -0. 16  -4.48 0. 14 26.7 
at rest immediately after maximum exercise 
Subject sex lb lllb 0 le Zo (!!.Z)min (dZ!d1)111;11 le H qs le Zo (!!.Z)min (dZ! d/)min le qs 
No. (cm) (kg) (cm) (min-1 ) (f!) (Q) (f!-s-') (s) (%) (l·min-1 ) (min-1) (!l) (f!) (!l-s- ')  (s) (l·min- 1 ) 
28 f 168 74.0 84 6 1  23.5 -0.24 -3.00 0.25 47.4 6.3 1 76 24.0 -0.26 -5.33 0. 14 1 7.5 
29 f 168 57.0 77 79 24. 1  -0.24 -2.83 0.22 42.0 5.5 1 94 24.8 -0.25 -5.00 0. 13  1 3.2 
30 f 166 60.0 80 59 23.7 -0.28 -2.59 0.25 45. 1  4.6 1 72 24.7 -0.30 -6.03 0. 12  1 3 .8 
3 1  f 170 58.0 88 79 24.4 -0.22 -2.33 0.22 47.0 5.3 188 24. 1  -0.24 -5. 1 7  0. 14 1 7.7 
32 f 1 73 68.0 95 60 20.5 -0.21 -2. 1 7  0.25 48.2 6. 1 190 2 1 .9 -0.23 -4.83 0. 12 18 . 1 
33 f 1 70 63.5 87 77 1 9.0 -0.20 -2.33 0.20 42.5 6.6 1 78 1 9.5 -0.23 -5.50 0. 1 3  22.2 
34 f 1 72 68.5 77 8 1  22.6 -0.24 -2.33 0.2 1 44.8 5.5 1 88 23.0 -0.25 -5.00 0. 1 2  15 .0 
35 f 1 72 6 1 .0 75 83 24.6 -0.22 -2.4 1 0. 1 8  43. 1  4.0 1 82 24.8 -0.23 -5. 17  0. 1 3  15 .3 
lb = body length; mb = body mass; 0 = thoracic circumference measured at the level of the chest P-electrode; le = heart rate; 20 = thoracic 
impedance; (!!.Z)min = the extreme value of heart-synchronous impedance variation; (dZ!dl)min = the extreme rate of change in impedance; H = 
haematocrit; le = left ventricular ejection time; q5 = cardiac output; m = male; f = female. 
� '° 
Cardiac output by impedance cardiography at rest, immediately after 
submaximum and maximum work 
Thoracic electrical impedance measurements were made in 13 healthy 
male subjects, 2 1-25 years of age, while sitting on a bicycle ergometer. 
The first measurements was made at rest. The subjects then exercised at 
increasing work loads. The load was increased in steps of 50 W and 
every work load was maintained for at least 3 min. Because the heart­
synchronous impedance signals are grossly distorted by muscular con­
tractions and breathing, the recordings were made in the first 5 s after 
each exercise period in erect position during breathholding. In addition 
to the impedance signals an electrocardiogram and phonocardiogram 
were also recorded (Fig. 25). The individual data of the 13 subjects are 
presented in table 3. In figure 26 the cardiac output by impedance 
cardiography has been plotted against work load. 
Figure 26 shows that the cardiac output by impedance measurement 
increases with increasing work load but that the spread in cardiac 
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From top to bottom: ECG = electrocardiogram, PCG = phonocardiogram dZ!dt = rate of change of the heart-synchronous impedance variation; az - heart-synchronous impedance variation. Tracings were recorded at rest and during physical exercise on bicycle ergometer at increasing work loads as well as 5 min after the exercise. 
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Table 3. Impedance data of 13 healthy adult male subjects immediately after graded exercise. 
estimated 
Subject lb lllb 0 Pb work load Zo (dZ! dt)111;11 le fc (!lZ)min qs //02 H 
No. (cm) (kg) (cm) (! }cm) (W) (fl) (fl·s-1 ) (s) (min-1 ) (fl) (l min 1 ) (l·min-1 ) (%) 
1 80 75 98 144 0 19.2 2.67 0.23 70 -0.24 8. 1 0.3 44.6 
50 18.7 -2.83 0.20 88 -0.24 9.9 0.9 
100 1 8.7 -2.50 0. 1 8  I l l  -0.2 1  10.0 1 .5 
150 18.9 -2.67 0. 16  125 -0.20 10.4 2. 1 
200 1 8.9 -2.67 0. 15  146 -0.2 1  1 1 .4 2.8 
250 19.2 -3.00 0. 14  160 -0.23 12.7 3 .5 
300 19. 1 -3.67 0. 1 3  167 -0.25 15.2 4.2 
2 1 80 7 1  92 154 0 23.0 -2.33 0.23 60 -0.20 4.5 0.3 46.6 
100 23.5 -3. 1 7  0.20 98 -0.26 8.4 1 .5 
1 50 23.7 -4.33 0. 1 7  130 -0.25 12.7 2 . 1  
200 23.5 -5.00 0. 14  162 -0.24 15.3 2.8 
250 23.5 -5.83 0. 1 2  1 97 -0.2 1 1 8.6 3.5 
3 179 72 92 157 0 2 1 .2 -2.00 0.20 87 -0. 1 7  5.9 0.3 47.0 
100 20.7 -2.46 0. 1 8  125 9.8 1 .5 
150 20.3 -3.23 0. 16  150 -0.22 14.3 2. 1 
200 20. 1 -4.00 0. 1 5  167 -0.20 1 8.9 2.8 
250 20.0 -3.85 0. 1 3  194 -0.20 18.4 3.5 
4 1 84 63 89 139 0 2 1 .7 -2.3 1 0.22 63 0.23 4.6 0.3 43.1 
50 22. 1 -2.77 0.20 88 -0.24 6.7 0.9 
100 22.6 -2.77 0.20 105 7.7 1 .5 
1 50 22.6 -4. 1 5  0. 1 6  1 30 0.23 1 1 .4 2. 1 
200 22.7 -3.54 0. 14 1 58 0. 16  10.2 2.8 
250 22.7 -4.92 0. 1 3  1 82 -0. 1 9  1 5 .2 3 .5 
5 1 80 62 82 154 0 24.5 -3 . 1 7  0. 1 9  98 -0, 1 9  7.3 0.3 46.5 
50 25. 1 -4.50 0. 1 9  103 -0.20 10.4 0.9 
1 50 25.0 -6.67 0. 1 5  158 -0.24 18 .8  2 . 1  
u, 200 25.2 -7. 1 7  0. 1 4  1 76 20.7 2.8 
250 25.2 -7.83 0. 1 2  188 -0.27 20.7 3.5 
VI 
estimated t,..J 
Subject lb mb 0 Pb work load Zo (dZldt)min le fc (t.Z)mi11 qs Vo2 H 
No. (cm) (kg) (cm) (Q cm) (W) (Q) (Q-s-t )  (s) (min-1 ) (Q) (! min 1 ) (l·min- 1 ) (%)  
6 1 8 1  74 96 1 83 0 19.7 -2.50 0.22 65 -0. 1 7  8.2 0.3 5 1 .4 50 1 9. 1  -3.00 0.24 67 -0.25 1 1 .7 0.9 
100 1 9.2 -4.00 0.2 1  83 0.27 16.8 1 .5 
150 1 9.7 -5.33 0. 1 6  104 -0.26 20.3 2. 1 
200 1 9.7 -6.00 0. 1 3  125 -0.22 22.3 2.8 
250 19.5 -6.33 0. 1 2  158 -0.24 28.0 3.5 
300 1 9.4 6.67 0. 1 2  1 82 -0. 1 9  34.2 4.2 
7 186 75 90 1 69 0 20.9 -2.46 0.22 65 0.2 1 6.5 0.3 49.2 50 2 1 .0 -2.92 0.2 1  7 1  -0.23 8. 1 0.9 
100 2 1 .2 -3.38 0.20 90 I I . I  1 .5 
150 2 1 .4 -3.54 0. 1 7  1 1 1  -0.23 1 1 .9 2 . 1  
200 2 1 .8  -4.00 0. 15  125 -0.26 12.9 2.8 
250 2 1 .8 -4.3 1 0. 13 158 -0.23 15.2 3.5 
300 22. 1 -4.46 0. 12  188 16.9 4.2 
8 177 67 85 1 50 0 2 1 .5 -2.62 0.23 66 -0.2 1  6.3 0.3 45.5 
50 2 1 .2 -3.00 0.23 70 0.23 7.8 0.9 
100 2 1 . 1  -3.92 0.20 79 -0.24 10. l 1 . 5  
1 50 22.0 -5.38 0. 1 6  100 -0.28 1 2.9 2.1 
200 22.0 -5.77 0. 1 4  149 -0.24 18 . l  2.8 
250 2 1 .6 -5.85 0. 1 2  176 -0.22 19.2 3.5 
9 1 83 76 89 200 0 24.6 -2.3 1 0.24 63 -0.20 5.6 0.3 53.2 50 25.0 -2.77 0.22 73 -0.22 6.9 0.9 
100 24.7 -3.23 0. 1 9  92 -0.23 9.0 1 .5 
150 23.6 -3.85 0. 1 6  1 1 5 -0.24 12.3 2. 1 
200 23.5 - 4.77 0. 14 146 -0.24 17. l 2.8 
250 23.6 -4.62 0. 1 2  1 76 -0. 19 17.5 3.5 




Subject lb "'b 0 Pb work load Zo (dZ! dl)min le fc (!iZ)min qs Vo., H 
No. (cm) (kg) (cm) (fl cm) (W) (fl) (fl-s-1 ) (s) (min- 1) (fl) (l min- 1 ) (l min:1 ) (%) 
100 19.9 -2.85 0. 1 7  1 1 2 -0. 1 7  1 2.6 1 .5 
150 20.4 -3.08 0. 1 5  128 -0. 1 7  1 3 . 1  2.2 
200 20.4 -4.3 1 0. 1 2  162 -0. 1 7  1 8.5 2.8 
250 20.5 -4.62 0. 1 2  1 76 -0. 16 19.9 3.5 
300 20. 1 -5.23 0. 1 1  194 -0. 1 6  25.4 4.2 
I I  1 86 76 92 1 70 0 2 1 .8 3.97 0.25 55 -0.29 9.4 0.3 49.3 
50 2 1 .8 - 3.89 0.24 68 -0.29 10.7 0.9 
100 2 1 .9 -4.92 0.2 1 79 -0.30 14.0 1 .5 
1 50 2 1 .7 -5.7 1 0. 1 8  86 -0.30 1 5 .5 2. 1 
200 2 1 .6 -5.7 1 0. 1 5  1 2 1  -0.28 1 8 .3 2.8 
250 2 1 .6 -5.87 0. 1 3  150 -0.26 20.2 3.5 
300 2 1 .5 -6.35 0. 1 2  176 -0.26 23.8 4.2 
1 2  1 82 86 100 1 88 0 1 9.0 -2.24 0.26 67 -0.20 9.8 0.3 52.4 
50 19. 1  -2.41 0.20 94 -0.20 1 1 .3 0.9 
250 19.3 -3.79 0. 14  154 -0. 1 8  20.0 3.5 
300 1 9.4 --4.48 0. 14 1 76 -0. 16 26.7 4.2 
1 3  1 87 74 94 152 0 20.3 -3.22 0.26 6 1  -0.22 9. 1 0.3 46. 1 
50 19.9 -2.97 0.25 65 -0.23 9.0 0.9 
100 20. 1 -3.22 0.24 77 -0.24 10.8 1 .5 
150 20.5 --4.07 0.20 100 0.27 14.2 2. 1 
200 20.3 -5.59 0. 1 6  I l l  0.28 1 7.7  2.8 
250 20.3 -5.76 0. 1 3  150 -0.24 20. 1 3.5 
300 20.3 -6. 10 0. 1 2  1 8 1  -0.23 23.6 4.2 
lb = body length; lllb = body mass; o = thoracic circumference at the level of the chest P-electrode; Pb = blood resistivity; Z0 = thoracic impedance; 
(dZ!d1)
111
;11 = the extreme rate of change in impedance; l
e 
= the left ventricular ejection time; /c heart rate; (ll.Z)min = the extreme value of the 
heart-synchronous impedance variation; qs = cardiac output; Vo = estimated oxygen uptake; H = haematocrit. Values from distorted tracings 
caused by movement or inaccurate breathholding -have been left ou{ 
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Fig. 26. Cardiac output by  impedance cardiography plotted against work load. For each subject the work load was increased in steps of 50 W up to his maximum performance. Regression line equations: y - 7. 14  + 0.436 x (below 60% of the individual's maximum performance) andy = 3. 1 3  + 0.066 x (above 60% of the individual's maximum performance). 
oxygen uptake in another group of 36 healthy adult male subjects ( 1 9-23 
years of age) at increasing work load levels under steady state con­
ditions. Figure 27 shows that oxygen uptake and work load are closely 
related (r = 0.98; n = 147). Astrand and Rodahl ( l )  measured cardiac 
output and oxygen uptake in 23 healthy adult subjects (20-3 1 years of 
age) during submaximum and maximum work (Fig. 28). This figure 
shows the cardiac output values which are at least required to maintain 
exercising at successive work load levels. 
In our calculation of the cardiac output values of figure 26, no cor­
rection was made for haemoconcentration at higher work loads, 
nevertheless, because of the tremendous spread in the results found at 
each work load, doubt must be raised towards the reliability of cal-
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Fig. 27. Relationship between measured oxygen uptake and work load. Results of measurements in 36 healthy adult male subjects ( 1 9-23 years of age). Regression line equation: y = 0.388 + 1 . 1 26 x. 
culating cardiac output by impedance cardiography during exercise. 
Healthy young male adults exercising at the same work load cannot 
have such large differences in cardiac output ; more over, some of the 
measured values are definitely too low, (cf Figs. 26, 27 and 28). The 
doubt our experiments cast on the reliability of impedance cardia<; 
output is in contrast with the apparently better results reported by 
Fujinami et al. (8), Kobayashi et al. (20) and Denniston et al. (7). 
Fujinami et al. (8) and Kobayashi et al. (20) originally found a gross 
underestimation of cardiac output at higb work loads when a fixed 
value for Pb of 1 3 5  Q · cm was used. This underestimation diminished, 
but did not disappear when cardiac output was recalculated using 
individual Pb values. These Pb values were calculated with the equation 
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Fig. 28. Relationship between oxygen uptake and cardiac output below and above 70% of 
the individual's maximum oxygen uptake (( Vo )max as determined by Astrand et al. ( I ). 
Regression line equations: y = 3.07 + 6.0 I x (below 70% of ( VQ
2lmax and y = 6.55 + 
4.35 x (above 70"/, of ( Vo)max l- Redrawn from reference I .  
Table 4 .  Summary of  impedance data of  35  healthy adult subjects a t  rest and immediately 
after maximum exercise. 
at rest immediately after 
maximum exercise 
mean s.d. s.e.m. mean s.d. s.e.m. 
heart rate (min-1 ) 72 14  2.3 1 83 8 1 .4 
Z0 (Q) 2 1 .2 2. 1 0.4 2 1 .2 2.3 0.4 
(.).Z)min (rl) -0.20 0.04 0.0 1 0.20 0.04 0.0 1 
(dZld/)111;11 (Q s-1 ) 2.4 0.5 0. 1 4.9 1 .0 0.2 
s.d. = standard deviation: s.e.m. = standard error of the mean. 
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of Tanaka et al. (32) (cf Fig. 12), using haematocrit values actually 
determined at each work load. The results of Denniston et al. (7), who 
measured cardiac output at rest and during exercise in IO healthy male 
subjects, can hardly be compared with the data of figure 26, because 
they used work load levels up to only 150 W and because they made 
their impedance cardiac output values agree with those determined by 
dye-dilution by substituting a lower value for I in equation 29. 
Figure 25 shows that the amplitude of dZI dt increases with increasing 
work load, but that the maximum amplitude of (),.Z hardly changes. This 
is not in accordance with the theory underlying equation 29, which 
presupposes that arterial blood volume variations are the cause of the 
heart-synchronous impedance variation (26). During exercise the 
volume pulse of the arterial tree will considerably increase, as follows 
from the marked increase in pulse pressure (6). Thus the amplitude of 
(),.Z should increase with increasing work load. 
To investigate the behaviour of (f),.Z)min and (dZ!dt)min at rest and 
immediately after maximum exercise, the thoracic impedance signals of 
our group of 35 healthy subjects (cf p. 46) were analysed. The results 
are presented in tables 2 and 4. It appears that the average values of Z0 
and the maximum amplitude of (),.Z ((f),.Z)min) at rest and immediately 
after maximum exercise are not significantly different, whereas the 
value of (dZ! dt)min during exercise is about twice the value at rest. This 
confirms that (f),.Z)min is remarkably constant in the face of the 
considerable increase in the volume pulse of the arterial tree (6). 
Cardiac output by impedance cardiography compared with cardiac 
output by a dye-dilution method 
Measurements were made in 63 patients during diagnostic cardiac 
catheterization, using the same electrode arrangement (average P­
electrode distance 22 cm) as used in the measurements with healthy 
adult subjects. The cardiac catheterization procedure included 
determination of cardiac output by a dye-dilution method using indo� 
cyanine green (cardiogreen'"'). Thus a quasi-simultaneous comparison 
of cardiac output by impedance cardiography and by dye-dilution 
could be made. Impedance cardiac output was calculated with equation 
29. The resistivity of the blood was determined from the haematocrit of 
each patient with equation 3 1. 
For cardiac output by the dye-dilution method the average of two 
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Fig. 29. Successive tracings of impedance cardiograms (ICG) and dye-dilution curves 
(DOC). 
Tracings from patient no. 38 (Tab. 5). The dye-dilution curves were obtained by an 
instantaneous injection of0.25 ml of a I% solution ofindocyanine green (m; = 2.5 mg) into 
the trunk of the pulmonar) artery. while blood was continuously withdrawn from a 
brachia! artery through a linear reflection densitometer at a flow rate of 30 ml/min. The 
area under the dye-dilution curve was obtained by a continuous-predictive-area computer 






in which q5 1s cardiac output. 1111 the injected amount ofindocyanine green and /4c;(1}d1 the area under the recorded dye-dilution curve. 
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impedance cardiography the average of three determinations was taken. 
The three impedance tracings were recorded immediately before the 
first dye-dilution curve, between the two dye-dilution curves and 
immediately after the second dye-dilution curve (Fig. 29). During all 
measurements the patients were in supine position. In all patients tho­
racic electrical impedance was remarkably stable during the whole 
catheterization procedure, which usually lasted about 3 h. Despite the 
introduction of catheters for right and/or left heart catheterization and 
the withdrawal and rein fusion of blood in the determination of cardiac 
output by the dye-dilution method, the greatest variation in Z0 in one 
and the same patient was never more than 0.5 Q (2.5%). 
The results of these cardiac output measurements were not included 
in the comparison of the two methods if the results of the two dye­
dilution values differed by more than 5% (2 cases), or if the impedance 
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Fig. 30. Cardiac output by impedance cardiography plotted against cardiac output by the dye-dilutJon method. Results of measurements in 53 patients. Circles: males, dots: females. Regression line equation: y = 1 .24 + 0.75 x. 
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Table 5. Comparison of cardiac output by impedance cardiography and by dye dilution in 53 patients 
No. age �ex lb lllb H Zo (dZ!dt)min q5ICG q5DDC fc (yr) (cm) (kg) (%) (fl) (fl·s-1 ) ( l min- 1) ( l min-1 ) (min-1 ) Diagnosis °' I 47 f 168 76 44 23.4 - 1 .77 4.3 5.4 67 no abnormalities 0 2 1 9  m 1 80 77 45 1 8.9 - 1 .95 9.5 9.9 76 no abnormalities 3 30 m 1 82 79 46 1 8.5 1 .74 6.4 7.5 6 1  no abnormalities 4 20 f 178 69 44 20.5 - 1 .78 6.7 7. 1 86 prolonged P-Q interval 5 20 m 1 83 76 46 16.8 1 .08 6.2 7.7 94 no abnormalities 6 1 3  m 170 50 4 1  1 9.6 - 1 .70 6.6 6.8 109 coarcta lion aortae 7 1 5  m 1 82 58 4 1  20.5 - 1 .73 5. 1 5.8 66 no abnormalities: at rest 20.9 -2.38 7.4 7.6 83 after moderate exercise 20.9 -2.07 5.4 5.8 62 at rest 8 68 m 160 67 42 1 8.9 -0.58 1 .9 2.2 70 ventricular pacemaker 9 44 f 167 68 39 2 1 .5 2.38 7.3 6.5 73 aortic insufficiency and aortic �tenosis 10 50 m 173 6 1  43 1 9.2 - 1 .20 3.7 2.6 89 aortic insufficiency and mitral �tenosis 
I I  43 m 1 83 83 44 1 8.6 - 1 .42 6. 1 3.8 62 aortic insufficiency 1 2  54 m 175 73 53 20.7 - 1 .28 6.6 6.4 69 aortic insufficiency and aortic Menosi� 13 39 m 185 7 1  44 1 8.0 - 1 . 89 12. 1  5 .9 1 06 aortic insufficiency and aortic ,tenosi� 14 36 m 175 66 48 2 1 .2 -2.65 9.2 6.0 60 aortic insufficiency 1 5  46 m 172 76 46 1 7.0 - 1 .0 1  5.2 8.0 79 aortic insufficiency 16 43 m 166 75 43 1 7.0 - 1 .34 5.8 6.6 57 aortic insufficiency and aortic stenosi� 17  47 m 169 67 46 23. 1  -2.00 7.5 6.4 92 aortic insufficiency and aortic Menosi� 18 56 m 170 67 44 1 8.7 - 1 .28 7.2 5.0 82 aortic insufficiency and aortic steno�is 19  2 1  m 177 58 36 17.0 3.69 12. 1 6.9 86 aortic insufficiency and mitral insufficiency 20 39 m 1 83 87 42 1 7. 1  - 1 . 8 1  9.4 7.6 74 aortic insufficiency and mitral insufficiency 2 1  64 m 176 8 1  42 1 7 . 1  - 1 .20 5.2 5.6 65 aortic insufficiency and aortic steno�i, 22 62 m 176 76 49 19.7 - 1 .25 5.0 3.4 62 mitral stenos1s 23 56 f 162 5 1  39 1 8.6 0.6 1  2.6 5.2 87 mitral stenosis and mitral 1mu fficiency 24 34 m 173 78 48 1 8.6 1 . 13 5.0 5.2 68 mitral stenosis 25 1 5  m 173 58 45 20.5 -2.04 6.7 5.6 72 atrial septa! defect (large L- , R. small R-+L shunt) 26 26 m 170 77 46 1 9.6 1 . 50 6.0 6.2 76 aortic stenosi� 27 3 1  m 173 59 52 19.8 - 1 .45 5.2 3.9 64 mitral stenosis and atrial fibrillation 28 28 m 173 66 42 1 7.2 -0.84 3.9 4.2 90 mitral insufficiency 29 39 m 172 78 46 14.4 -0.79 7.0 4.8 80 aortic stenosis and pulmonic hypertension 
No. age sex lb "'b H Zo (dZ!dtJmin q5!CG q5DDC fc (yr) (cm) (kg) (%) (Q) (Q·s-1 ) (l min-1) (l·min-1 ) (min-1) Diagnosis ---
30 4 1  m 1 87 80 50 17.4 - 1 .07 4.4 4.3 67 mitral stenosis and insufficiency, atrial fibrillation 3 1  40 f 1 68 66 40 22.7 - 1 .72 4.2 4.2 82 mitral stenosis 32 37 m 1 82 100 43 22.5 - 1 .75 3.0 5.8 50 mitral stenosis and atrial fibrillation 33 42 m 172 69 47 1 7.4 - 1 .72 10.6 15 .6 77 Fallot 34 54 m 1 76 64 46 1 7.5 - 1 .09 4.7 6.6 74 aneurysm cordis 35 34 f 169 6 1  36 23. 1 - 1 .09 1 .8 4.7 98 mitral stenosis and insufficiency. atrial fibrillation 36 55 m 1 76 86 5 1  1 9.8 -0.87 3.9 4.6 78 mitral stenosis, atrial fibrillation 37 25 m 1 82 83 45 19.3 - 1 .89 6.2 7.5 6 1  open ductus Botalli 38 33 f 1 6 1  62 4 1  19.4 - 1 .07 4.5 6.6 130 pulmonic hypertension 39 58 m 190 93 45 1 6.9 0.88 3.7 6.9 6 1  mitral valve prolapse 40 68 f 1 63 65 39 22.0 - 1 . 1 2  2.7 3.2 83 aortic stenosis and insufficiency. mitral insufficiency, atrial fibrillation 4 1  27 f 1 58 49 35 25.4 - 1 .4 1  2.5 4. 1 70 mitral stenosis 42 49 f 148 52 34 24.4 - 1 .59 2.3 3.5 5 1  mitral stenosis 43 53 f 1 64 60 42 25.0 -2.4 1 5.4 3.7 68 mitral stenosis and mitral insufficiency 
44 26 f 154 66 42 27.0 -2.88 4.9 5. 1 66 coarcta tion aortae 45 4 1  f 1 6 1  48 44 26.7 - 1 .36 2.6 2.6 78 mitral insufficiency and prolapse. pulmonary hypertension 46 17  m 1 82 7 1  5 1  1 6.0 0.93 5.9 6.9 64 A-V aneurysm left lung 47 17 m 1 72 79 47 19.7 - 1 .46 5.8 5.2 70 atrial septa! defect (L->R shunt 67%) 48 36 m 1 77 74 44 2 1 . 1  - 1 .7 1 4.7 6. 1 63 mitral stenosis, pulmonic hypertension 49 44 f 1 60 6 1  37 24.8 1 .58 2.5 4.0 53 mitral stenosis, pulmonic hypertension 50 39 m 1 7 1  64 49 1 7.9 0.83 2.9 3.0 70 mitral stenosis and insufficiency, atrial fibrillation 5 1  6 1  m 1 7 1  76 49 1 7.9 -0.33 1 .3 2.7 1 1 2 mitral stenosis and insufficiency 52 53 f 160 66 6 1  28.4 - 1 .22 2.7 4.8 62 mitral stenosis and insufficiency. 
°' tricuspid insufficiency, atrial fibrillation 53 23 m 192 82 47 16.7 - 1 . 1 8  8.0 6.8 106 ventricular septa( defect 
m = male; f = female; lb = body length; mb = body mass; H = haematocrit ; Z0 = thoracic impedance; (dZ!d1)111i11 = the extreme rate of change in impedance; q5lCG = cardiac output by impedance cardiography; q5DDC = cardiac output by the dye-dilution methodJc = heart rate. 
Table 6. Summary of age, heart rate and impedance data of 53 patients 
age (yr) 
heart rate (min- 1 ) 
Zo (Q) 




1 9  
1 .4 
males (N = 38) 
s.d. 
1 5  







0. 1 1 .6 
s.d. = standard deviation: s.e.m. = standard error of the mean 
females (N = 15) 
s.d. s.e.m. 




signals showed a grossly abnormal pattern (8 cases). In this way results 
from 53 patients (38 male, 15 female, 14-70 years of age) were obtained. 
The majority of these patients had some kind of heart disease; table 5 
shows the individual data of each patient. Table 6 summarizes the 
impedance data of the male and female patients, separately. 
In figure 30 cardiac output as determined by impedance car­
diography is plotted against the corresponding values as determined by 
the dye-dilution method. This figure shows that when the values of all 
53 patients are considered together, cardiac output as calculated with 
equation 29 does not agree well with the cardiac output as determined 
by the dye-dilution method (r = 0.64; n = 53 ; mean difference = 0. 19 
I ·  min- 1 ,  s.d. = 1.89 I ·  min-1) .  However, when the patients without 
valvular lesions or cardiac shunts are considered separately, the agree­
ment between the determinations of cardiac output by the two different 
methods is much better, as shown in figure 31 (r = 0.97; n = 10; mean 
difference = -0.63 I · min-1 s.d. = 0.45 I ·  min-1). 
As shown in table I the results of the comparative studies vary from 
excellent to very poor. Apart from the influence of cardiac abnormal­
ities, an explanation of these variations appearing in the literature may 
be found in the choice of the values for Pb (cf Fig. 12) and for / (cf Fig. 
21). The measurements in healthy adult subjects immediately after 
exercise at incremental work loads showed, that despite the proper 
choice of Pb and /, cardiac output values at each work load level differ 
widely, and some values are definitely too low (cf p. 55). Measure­
ments at rest on patients with cardiac shunts or valvular lesions also 
show that cardiac output as determined by impedance cardiography is 
unreliable. The fair agreement for patients without valvular lesions or 
cardiac shunts appears to be only coincidental in so far that it is due to 
the substitution of fitting values for Pb and / (cf Figs. 12 and 2 1) 
resulting in physiological cardiac output values at rest. 
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Fig. 3 1 .  Cardiac output by impedance cardiography plotted against cardiac output by the dye-dilution method. Results of measurements in 8 patients, without cardiac shunts or valvular lesions (Tab. 5, patients nos. 1 -8). One patient (Tab. 5, no. 7) was measured before, during and 10 min after moderate exercise. Circles: males, dots: females. Regression line equation y = -0.45 + 0.97 X. 
The wide scatter in the results from comparative measurements in 
patients with cardiac shunts or valvular lesions are in agreement with 
the results obtained by Lababidi et al. (2 1 ), Harley and Greenfield ( 14) 
and Naggar et al. (25). Lababidi et al. (21) found in l3  children with 
aortic insufficiency that impedance cardiac output was higher than the 
reference method (Fick) cardiac output in every case. Our group of 53 
patients included 13 patients with aortic insufficiency, mostly 
accompanied by other lesions. When the cardiac output values of these 
patients are considered separately (Fig. 32), impedance cardiac output 
values appear to be higher than the corresponding values obtained by 
the dye-dilution method in 10  of the 13 cases. In two patients with large 
(!iZ)min values, the impedance cardiac output values were about twice 
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Fig. 32. Cardiac output b y  impedance cardiography plotted against cardiac output by the 
dye-dilution method. 
Results of measurements in 13 patients with aortic insufficiency, mostly accompanied by 
other lesions (Tab. 5. pat. nos. 9-2 l ). Circles: males. dot: female. In this figure the line of 
identity 1s drawn. 
the dye-dilution values. These two patients (Tab. 5, nos. 18 and 19) had 
severe aortic insufficiency as indicated by their greatly increased arterial 
pulse pressure. 
Three patients had large left to right shunts. Two of them had an 
atrial septa! defect (Tab. 5, nos. 25 and 47) and one (Tab. 5, no. 37) a 
persistent ductus arteriosus. In spite of the shunt and the resulting 
considerable increase in pulmonary blood flow, the values for Z0 , 
(6.Z)min and (dZI dt)min in these patients were not different from the 
average values obtained in the patients of the whole group, as shown in 
tables 5 and 6. This is in agreement with the findings of Harley ( 13), who 
carried out impedance measurements in a group of 14 patients with 
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atrial septa! defects before and 6 months after surgical closure of the 
defect. There was no significant difference between pre- and post­
operative values of heart rate at rest, (LlZ)min and (dZ! dt)min­
According to Harley (13) this is in favour of the view that systemic 
arterial circulatory events cause the heart-synchronous impedance 
signal rather than the events in the pulmonary circulation. However, a 
considerable diastolic decrease in impedance may be found in patients 
with mitral valve insufficiency. As discussed in chapter 5, this cannot be 
explained by the events in the systemic arterial circulation, but suggests 
a contribution of the events in the systemic venous and or pulmonary 
venous circulation. 
Tiscenko's method: integral rheography 
Another impedance method for the determination of cardiac output is 
the method of integral rheography as described by Tiscenko et al. (33). 
In this method, flexible metal electrodes with a surface area of 100-120 
cm2 are applied to the wrist and ankles of the subject (Fig. 11 ). The two 
wrist electrodes are interconnected by means of a short wire, as are the 
two ankle electrodes. A piece of cambric soaked in electrode gel is 
placed between the electrodes and the skin. The subject is taken up as 
one arm in a Wheatstone bridge, which is fed by a constant voltage 
generator (6 V ;  30 kHz). 
The body impedance is measured by balancing the bridge with a 
variable resistance and capacitance. In this way the real part (R0) and 
imaginary part (-il wC0) of the body impedance are measured (Z0 = 
y R6 + l /w2C2o )- In their calculation Tiscenko et al. (33) only use the 
values of R0 . With this instrument an ac-dc converter is used which 
measures the modulus of the impedance variatians. Because the ac-dc 
converter is not linear near zero input, the Wheatstone bridge has to be 
slightly unbalanced for recording the heart-synchronous impedance 
variations. The magnitude of this imbalance is of critical importance 
and should be 0.7-1.7% of the measured body impedance. When the 
imbalance is too low the ac-dc converter introduces non-linearities, 
when the imbalance is too high the Wheatstone bridge becomes too 
much non-linear. Because of this procedure a slight error is present in 
the measurement of the heart-synchronous impedance variations. 
According to Tiscenko et al. (33) the error amounts to less than 5%. 
The calibration signal is obtained by intermittently connecting a 
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Fig. 33 .  Integral rheography in a patient in supine position at rest, breathing. 
From top to bottom: electrocardiogram (ECG), heart sounds (PCG), carotid pulse tracing 
(CP) and heart-synchronous impedance variation (uZ). In this tracing the starting points of 
each cardiac cycle are connected by straight lines; y is the maximum deflection with respect 
to these lineS,_l'k is a calibration signal ofO. I Q; C is the duration of the cardiac cycle and D 
the duration from the largest deflection to the onset of the next cycle. In the uZ tracing a 
decrease in impedance is recorded as an upward deflection. Reproduced from reference 33. 
influence of respiration on the tracing of the heart-synchronous 
impedance variation a high pass filtering circuit is used. The maximum 
deflection of the heart-synchronous impedance variation is not reduced 
by this circuit. In order to eliminate the influence of the variation in 
stroke volume due to respiration, the average value of 3-7 beats ( one 
respiratory cycle) is used to calculate stroke volume using equation 26 or 
27. A recording is shown in figure 33. 
These equations are similar to Nijboer's equation 2 1  with correction 
factors added. According to Tiscenko (34) a rheogram is a recording of 
the weighted sum of the pulsatile plethysmograms of almost the whole 
arterial system. In order to avoid the use of an extrapolation procedure 
to correct for the blood leaving the arteries during systole, he followed a 
procedure analogous to one used in ballistocardiography ( 1 7). 
Therefore he introduced the ratio of the time intervals C and D shown 
in figure 33. 
66 
6.Z 12 C 
Vtvs = -Pb R2 D 0 
(33) 
in which Vtvs is the left ventricular stroke volume, Pb the resistivity of 
the blood, 6.Z the amplitude of the heart-synchronous impedance 
variation, R0 the resistive component of the body impedance, / the 
distance through the body between the wrist and ankle electrodes, C the 
duration of one cardiac cycle and D the duration from the largest 
deflection of the heart-synchronous impedance variation to the onset of 
the next cycle. 
From simultaneous measurements of cardiac output with a modified 
acetylene method ( 12) and with integral rheography, it was found that 
with equation 33 stroke volume is underestimated (34). Therefore, an 
empirical correction factor (K) was introduced (34): 
6.Z 12 C 
Vtvs = -Pb 2 -D K RO 
(34) 
K appeared to vary considerably between individuals (0.27-0.44). 
However, it was noticed that K was inversely related to R0 (r = -0.985, 
11 = 12): 
R0 = I OO!K 
where R0 and 100 are expressed in Q. 
Substituting equation 35 into equation 34 gives 
Vtvs = -Pb 
6.Z /2 C 
IOO R0 D 
(35) 
(36) 
The relation between electrode distance ([) and body length (lb) was 
determined in 95 healthy subjects (34). For males / = 1.32 lb, for 
females l = 1.25 lb. Substituting lb for l in equation 36 yields 
6.Z ( 1 .32 lb)2 C 
V1vs = -Pb 100 R0 D 
(37) 
6.Z ( 1.25 lb)2 C 
V1vs = -Pb IOO R0 D 
(38) 
Equations 37 and 38 used for males and females, respectively. 
When for Pb a value of 150 Q · cm was taken, Tiscenko found that with 
equations 37 and 38 stroke volume values were obtained which differed 
systematically by -5% from values obtained by the acetylene method (r 
= 0.84; 11 = 31) and the thermodilution method (r = 0.95 ; n = 25) (34). 
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In equations 39 and 40 this systematic difference has been taken into 
account. Tiscenko (34) used the symbol y for the maximum amplitude 
of 112 and calibrated this signal by using a calibration resistor Yk of 
0.1 Q. 
V[vs = -0.275 
ylyk llJ  C 
(39) 
Ro D 
V[vs = -0.247 
ylyk llJ  C 
Ro D 
(40) 
Equations 39 and 40 are used for males and females, respectively. In the 
numerical factors 0.275 and 0.247 of equations 39 and 40 a value of 
1 50 Q · cm for the resistivity of blood is included, giving these factors the 
dimension Q · cm. The equations are therefore only correct when R0 is 
expressed in Q and lb in cm. The numerical factors also include the 
calibration value of 0.1 Q. If a different calibration value is used, the 
numerical factors should be changed correspondingly. 
A value of 1 50 Q · cm for Pb is considered to be a reasonable value 
for blood with a normal haematocrit (H = 47). If H differs from normal 
the calculated stroke volume is multiplied by H/47 (H in %). This 
way of correction presupposes the following relationship between 
Pb (Q · cm) and H (%): 
Pb = l 50 H/47 = 3 . 19 H (41) 
The determination of cardiac output by integral rheography (with the 
help of equations 39 and 40) has been compared with determination of 
cardiac output by the Fick method by Tiscenko et al. (33) in patients at 
rest who suffered mainly from pulmonary diseases. Despite large 
variations in age ( 18-63 year), heart rate (67-143 min-1), body length 
( 148-170 cm), body mass (40-82 kg) and cardiac output (2.25-15.5 
l · min-1) an excellent correlation (r = 0.99; n = 28) was obtained 
between the two methods (Fig. 34). This excellent agreement can partly 
be explained by the fact that correction factors were introduced to make 
the results of the method fit with those of the control method. But it also 
indicates that the results of the method within this group of subjects 
were proportional to the cardiac output over a wide range. 
A critical analysis of the components of the Tiscenko equations 39 
and 40 has been given by Suster and Bordjuzenko (3 1 ). Stroke volume 
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Fig. 34. Relationship between cardiac output as obtained with integral rheography using equations 39 and 40 and with the Fick method. Circles: males, dots: females. Data from TiStenko et al. (33). Regression equation: y = 0.95 X + 0.2 1 .  
calculations from their measurements in 70  healthy subjects showed a 
remarkably wide range (42.9-288.7 ml). In contrast to these results, 
Maiorov et al. (23) found, in a large number of measurements in healthy 
subjects and in patients with ischaemic heart disease a cardiac index 
which was always within the expected range 3.53 ± 0. 16 l · min-1.m-2 
in 23 healthy subjects. For two groups of patients with ischaemic heart 
disease the cardiac index was 2.44 ± 0. 12 (n = 21) and 3.12 ± 0. 15 (n 
= 34), respectively. Maiorov et al. (23) ascribed the wide spread in the 
results of Suster and Bordjuzenko to their use of different types of 
apparatus and various measuring frequencies (30-400 kHz), and ad­
vocated the use of standard measuring equipment in order to increase 
the comparability of the results obtained by different investigators. 
Golikov et al. (I  I) reported encouraging results with integral 
rheography in comparison with a dye-dilution method as well as with 
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1131 dilution with precordial counting. A correlation coefficient of 0.92 
was obtained between cardiac outputs as determined by integral 
rheography and by dye-dilution (20 observations in 14 patients), and a 
correlation coefficient of 0.94 between cardiac outputs as determined by 
integral rheography and by 1131 dilution (30 observations in 19 patients). 
Evaluation of integral rheography 
In order to evaluate the measurement of cardiac output by integral 
rheography, we assembled a set-up resembling as closely as possible the 
apparatus described by Tiscenko et al. (33). A block diagram of our 
set-up is shown in figure 35. With this apparatus a quasi-simultaneous 
comparison was made of cardiac output by integral rheography and by 
dye-dilution in IO patients during cardiac catheterization. For dye­
dilution the average of two determinations, about 3 min apart, was 
taken (cf Fig. 29). During these 3 min the real part (R0) of the body 
impedance (Z0) was measured by balancing the Wheatstone bridge 
with the variable resistance and capacitance (Fig. 35). Next, the bridge 
was slightly unbalanced and the heart-synchronous impedance 
variations (�Z) were recorded. By means of a switch a calibration signal 
of 0.25 fl was intermittently connected in series with the patient during 
diastole. A recording is shown in figure 36. 
220.Q 220.Q AC/DC 100 Hz O.S Hz low high 
0.25 conv. pass pass 
Q fi lter fi lter 
rv lQVrv 
30 kHz out balance 
Rx Cx 
= 
Fig. 35. Block diagram of the main circuit elements of our set-up for integral rheography. With this instrument the real part R0 of the body impedance 20 is measured by balancing the Wheatstone bridge with a variable resistance (Rx) and a capacitance (Cx), For recording the heart-synchronous impedance variations (C1Z) the bridge is slightly unba­lanced. This signal is calibrated by intermittently connecting a 0.25 fl resistor in series with the patient. 
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Fig. 36.  Integral rheography in a normal subject in supine position at  rest, during shallow 
breathing. 
From top to bottom: electrocardiogram (ECG), heart sounds (PCG), heart-synchronous 
impedance variations (tJ.Z). In this tracing straight lines are drawn through the starting 
points of the cardiac cycles. y is the maximum deflection with respect to these lines, C the 
duration of one cardiac cycle and D the duration from the largest deflection to the onset of 
the next cycle. A calibration signal Yk (0.25 !'!) is included in the tJ.Z tracing. A decrease in 
tJ.Z in this figure is represented by a negative deflection. When the bridge is slightly 
unbalanced in opposite direction, a decrease in impedance becomes a positive deflection. 
Cardiac output by integral rheography was calculated using equation 
39 for males and equation 40 for females, both adapted for the use of a 
0.25 !J calibration signal. Immediately after the recording of 112, a blood 
sample was taken for the determination of the haematocrit value. This 
was used to correct Pb with the help of equation 4 1. The individual data 
of each patient are presented in table 7. In figure 37 cardiac output as 
determined by integral rheography is plotted against the corresponding 
values as determined by the dye dilution method. Figure 37 shows that 
there is poor agreement between the results of the two methods (r = 
0.79, mean difference = 1 .9 l · min-1, s.d. = 2.66 l · min-1). Table 7, 
however, shows that most of our patients had various kinds of heart 
disease in contrast of the patients studied by Tiscenko et al. (33), who 
suffered mainly from various kinds of pulmonary disease. Tiscenko et 
al. (33) also stated that in cases of aortic insufficiency, integral 
rheography gives an overestimation of cardiac output, because the 
method cannot distinguish between regurgitant volume and the forward 
stroke volume. We found this overestimation in patients nos. 2, 6 and 7 
(Tab. 7). 
7 1  
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Table 7. Comparison of cardiac outputs by integral rheography and by dye-dilution in 10 patients No. �ex age lb lllb H Zo )'l l'J.. CID le qslRG qpDC (yr) (cm) (kg) (Ii ) (Q) (Q) (min- 1 ) ( l min-1 ) (l min- 1 ) 
I m 58 190 93.0 44.7 220 -2.25 1 .23 65 7.7 6.9 2 m 2 1  1 77 57.8 36.0 224 -2.74 1 .58 88 1 1 .3 6.9 3 f 68 163 65.0 39.0 263 - 1 .64 1 .27 73 3.2 3.2 
4 f 27 1 58 49.4 35.0 334 -3.0 1 .27 67 3.5 4. 1 5 f 49 148 5 1 .7 34.2 276 - 1 .76 1 .29 52 1 .7 3.5 6 m 39 183 86.8 42.0 203 -3.06 1 .52 77 14.5 7.6 7 m 60 176 80.9 42.3 2 1 9  - 1 .83 1 .44 69 6.4 5.6 8 f 54 1 64 59.5 42. 1 280 -3.03 1 .4 1  68 6. 1 3.7 9 f 27 1 54 65.5 42. 1  3 1 9 -3.72 1 .47 76 6.8 5 . 1  1 0  f 4 1  1 6 1  48.0 44. 1  320 3 . 1 3  1 .40 85 7.0 2.6 
Diagnosis 
mitral valve prolapse severe aortic insufficiency aortic stenosis and insufficiency, mitral insufficiency and atrial fibrillation mitral stenosi, mitral stenosi,. slight aortic in,ufficiency aortic insufficiency, slight mitral in,ufficiency aortic stenosis and insufficiency mi tral stenosis and insufficiency coarctation aortae pulmonary hypertension, mitral valve prolap,e and slight mitral insufficiency m = male; f = female; lb = body length; mb = body mass; H = haematocrit; 20 = body impedance;y/yk = rheographic index; C = duration ofone cardiac cycle; D = duration from maximum deflection of the rheogram to the onset of the next cycle; le = heart rate : qJ IRG = cardiac output determined by integral rheography; qrDDC = cardiac output determined by the dye dilution method. 
Conclusions 
Conventional application of impedance cardiography according to 
Kubicek (18) and integral rheography according to Tiscenko (34) as 
described in this chapter results in the following conclusions. 
Z0 , (t::.Z)min and (dZI dt)min are influenced by ventilation as well as 
body position which is more detailed discussed in chapter 5. Record­
ings should therefore be made during breathholding. Impedance data 
are comparable only when the body position of subjects during re­
cording is the same. 
In the four-electrode-arrangement (Fig. 10), the position of the I­
electrodes is not of critical importance, provided that they are at least 3 
cm away from the P-electrodes. They should be placed round the neck 
and abdomen in good contact with the skin all around. 
The position of the P-electrodes is of critical importance. Z0 increases 
in a linear fashion with increasing P-electrode distance (Fig. 17), 
although the resistivity of the various intra thoracic and intra-abdominal 
tissues is different (9). The Z0/ I ratio is not constant, because one 
I-electrode is placed round the neck. (t::.Z)min and (dZI dt)min also 
decrease with increasing average P-electrode distance (Figs. 19 and 20) 
though not linearly. Cardiac output as calculated with equation 29 
increases with increasing average P-electrode distance. In order to 
obtain comparable results, in adult subjects with normal bodylength, 
the electrode positions should be rigidly standardized. The P-electrodes 
do not have to reach completely round the neck and chest; a bandage or 
plaster may remain under part of the P-electrodes. 
Although Z0, and the amplitudes of t::.Z and dZ!dt tend to be higher 
in subjects with smaller thoracic circumference (Figs. 22, 23 and 24), 
cardiac output calculated with equation 29 does not show any 
significant correlation with the thoracic circumference. 
In the healthy subjects immediately after exercise, cardiac output as 
calculated with equation 29 increases with increasing work load; this is 
as expected and in agreement with the results obtained by Astrand anq 
Rodahl ( I )  (Fig. 28). The spread in cardiac output values of different 
subjects at the same work load, however, is considerable and some 
values are definitely too low, indicating that the absolute values of 
cardiac output as calculated with equation 29 are unreliable. There is 
little variation in the maximum amplitude of t::.Z at various work load 
levels (Fig. 25). In 35 healthy adult subjects there was hardly any 
difference between the maximum amplitude of t::.Z at rest and 
13 
immediately after maximum exercise (Tab. 4). This is at variance with 
the theory underlying equation 29. 
Comparison of cardiac output determined by impedance car­
diography with that determined by dye-dilution showed that imped­
ance cardiac output values are definitely unreliable in patients with 
cardiac shunts or valvular lesions (Figs. 30 and 32). Acceptable cardiac 
output values can be obtained by impedance cardiography in patients 
without cardiac shunts or valvular lesions if suitable values for I and Pb 
are used (Fig. 31). 
However, it is not possible to determine beforehand what values of I 
and Pb are suitable for a particular subject. The dependence on / and Pb 
of stroke volume calculation with equation 29 explains the wide range in 
agreement between impedance cardiography and reference methods as 
found by different investigators (cf p. 24, Tab. l ). The possible 
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Fig. 37. Cardiac output by integral rheography plotted against cardiac output by the dye-dilution method in 10 patients. Circles: males. dots: females. Regression equation: y = - 1 .53 + 1 .70 x. 
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improvement of the agreement which can be obtained by the use of 
appropriate values for I and Pb indicates that there is proportionality 
between stroke volume and the impedance cardiogram. Consequently, 
monitoring of directional changes in stroke volume by impedance car­
diography is possible under certain conditions (cf p.122). In all patients 
Z0 was remarkably constant during a 3 h period, despite the introduc­
tion of catheters and the withdrawal and reinfusion of blood for the 
determination of cardiac output by the dye-dilution method. Z0 did not 
vary by more than 0.5 Q (2.5% ). 
Cardiac output by integral rheography in patients with cardiac shunts 
or valvular lesions in unreliable (Fig. 37). In healthy human subjects 
under unchanging conditions the method can yield information on 
changes in stroke volume. According to Tiscenko et al. (33) their method 
does not require breathholding. In our experience undisturbed record­
ings can only be obtained during shallow breathing. 
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Chapter 4 
Significance of flow-related blood resistivity variations in 
impedance cardiography 
In chapter 3 it has been shown that conventional application of imped­
ance cardiography in 35 healthy adult subjects resulted in hardly any 
difference in the maximum amplitude of LiZ((LiZ)min) when measured 
at rest or immediately after maximum exercise (Tab. 4). This is not in 
accordance with the theory underlying equation 29, which presupposes 
that arterial blood volume variations are the sole cause of the heart­
synchronous impedance variation. If this were the case, the maximum 
amplitude of LiZ immediately after maximum exercise would be 
considerably increased when compared with the maximum amplitude 
of LiZ at rest. Furthermore, impedance cardiograms obtained in patients 
with mitral insufficiency showed an abnormally high diastolic decrease 
in impedance, which also cannot be explained by blood volume 
variations occurring at this moment in the cardiac cycle (cf. p. 102, Fig. 
57). 
In chapter 2 it was mentioned that the resistivity of blood changes 
when the blood starts flowing. Although this has been observed by 
various investigators (16, 18, 25), it has not been recognized as an 
important factor in the causation of the impedance cardiogram. This is 
the more surprising as the very rapidity with which the thoracic 
impedance changes during the cardiac cycle, as shown in the dZ!dt 
tracing, suggests an underlying phenomenon which develops much 
more rapidly than the increase of the blood volume in the aorta and its 
major branches. The major deflection in the dZI dt tracing ending in the 
point of (dZ!dt)min (Fig. 3) is at a heart rate of 70 min-1 completed 
within 40 ms or about 5% of the cardiac cycle. At this moment the 
ejection of blood from the left ventricle has not yet reached its 
maximum. Flow-related resistivity changes as may result from a direc­
tional effect on the disk-shaped erythrocytes when the blood flow 
accelerates (24), will occur much earlier in the cardiac cycle and thus 
may provide a much more plausible explanation for the shape of the 
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dZI dt tracing. The experiments discussed in this chapter demonstrate 
that flow-related resistivity changes are indeed an important factor in 
the causation of the impedance cardiogram. 
Observations on blood flow-related impedance changes in rigid tubes 
To investigate the nature of blood impedance changes occurring with 
changes in blood flow velocity, a measurement unit was set up consist­
ing of a pulsatile pump (Harvard, model 1403), a rigid cylindrical 
Perspex tube (i.d. 14 mm) and an electromagnetic flow probe (Scalar 
600) interconnected by means of PVC tubing. Four circular platinum 
electrodes, let into the wall of the Perspex tube, were in direct contact 
with the fluid pumped through the circuit (Fig. 38). The outer electrodes 
were used for leading a constant alternating current through the fluid, 
the inner electrodes for measuring the resulting potential difference. In 
this set-up measurements could be made either with the Minnesota 
Impedance Cardiograph (cf p. 36) or with an apparatus including a 
phase-sensitive detector (Princeton Applied Research, model 129A). 
When a NaCl solution was pumped through the circuit, no change in 
the potential difference between the inner electrodes was observed, 
whereas with blood as well as with a suspension of erythrocytes in 
isotonic saline solution a marked signal was obtained, synchronous with 
the change in flow velocity. When the blood was haemolyzed and 
centrifuged to remove the cell debris, the signal disappeared. Apart 
from the electrical resistance, the physical phenomena that might be 
involved in causing the observed change in potential difference are 
dielectric relaxation and self-inductance. The relative importance of 
each of these phenomena was analysed by Visser et al. (29), who showed 
that the possible influence of dielectric relaxation and self-inductance is 
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Fig. 38. Perspex tube with four circular platinum electrodes let into the wall. 
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negligible and that the blood impedance variations in a rigid tube are 
purely resistive. This was experimentally proved by showing the ab­
sence of a phase difference between current and potential difference 
between 10 and 100 kHz. 
A large number of hypotheses have been put forward in the literature 
as possible causes of the decrease in the blood resistivity when blood 
starts flowing. Three of these have attracted the greatest interest; they 
are all based on the fact that the resistivity of erythrocytes is much 
higher than the resistivity of plasma. This is shown by the relationship 
between blood resistivity and haematocrit value. The blood resistivity 
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The three hypotheses are the following: l) Orientation of erythrocytes; 
erythrocytes are disk-shaped cells and are assumed to be randomly 
orientated in stationary blood. When blood starts flowing, the variation 
of the shear rate across the flow cross-section can cause the cells to 
orientate with their long axis parallel to the direction of flow. 2) Axial 
accumulation; erythrocytes in flowing blood tend to drift towards the 
centre-line of the tube. The resulting non-homogeneous distribution of 
erythrocytes over the cross-section could cause the decrease in blood 
resistivity. 3) Distortion of erythrocytes; erythrocytes tend to become 
elongated in the direction of flow at higher flow rates (23). This again 
would result in an increase in plasma area over the cross-section of the 
blood vessel. 
To test the hypothesis that it is the orientation of erythrocytes that 
possibly causes the decrease in resistivity when blood starts flowing, we 
compared blood flowing through the rigid tube with a suspension of 
erythrocytes in a solution of 20 g · 1-1 NaCl and 3 g · 1-1 Na salicylate, 
causing crenation of the erythrocytes. The total haemoglobin concen­
tration was the same in the two suspensions. In the suspension of 
crenated erythrocytes no change in potential difference occurred (Fig. 
39), demonstrating that the normal shape of the erythrocytes is a 
necessary condition for the generation of the resistivity variation and 
ruling out non-homogeneous erythrocyte distribution in the tube as a 
possible cause. 
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When changes in the orientation of erythrocytes due to changes in 
velocity cause the decrease in blood resistivity in the longitudinal 
direction of the tube, an increase in blood resistivity will simultaneously 
occur in the radial direction. To verify this, two more Perspex tubes were 
constructed to measure blood resistance in the longitudinal and in the 
radial direction. One tube contained two platinum grids perpendicular 
to the direction of flow, the other was furnished with a platinum inside 
coating and a central platinum wire functioning as electrodes (Fig. 40). 
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Fig. 4 1 .  Blood resistance changes occurring with changes in flow rate measured in the longitudinal and radial direction in rigid tubes. From to bottom : changes in flow rate (%), blood impedance changes (:lZ) as measured with the tube with four circular platinum electrodes (Fig. 38) and blood impedance changes in the longitudinal (.iZ=) and radial (.iZ,) directions. 
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Fig. 42. Blood impedance changes occurring with changes in flow rate as measured in the tubes of figure 4 1  with blood temperatures of 16 °C, 37 °C and 50 °C. From top to bottom: changes in flow rate (qb), blood impedance changes as measured in the four electrode tube (6.Z), in the longitudinal (uZz) and radial direction (a.Zr)-
The tube with four circular platinum electrodes (Fig. 38) was connected 
in series with these new tubes, all having the same internal diameter ( 14 
mm). Though the flow pattern will have been influenced by the grids 
and the platinum wire, figure 41 shows that the change in blood resis­
tance in the longitudinal and radial direction are practically a mirror 
image of each other. When the blood temperature is raised to 50°C, the 
erythrocytes tend to become spherical in shape. Figure 42 demonstrates 
the decrease in the magnitude of the blood impedance changes as 
measured in the three tubes when blood temperature is raised to 50°C. 
These experiments in rigid tubes demonstrate that mammalian blood 
in pulsatile flow is anisotropic with regard to its electrical resistivity. 
When flow increases there is a fall in resistivity in the longitudinal 
direction and a rise in resistivity in the radial direction. These changes 
are caused by flow-dependent variations in the orientation of the disk­
shaped erythrocytes. At high flow rates any elongation of the erythro­
cytes will intensify the changes in_ blood resistivity in both directions. 
In subsequent experiments the magnitude of the decrease in blood 
resistance with increasing (non-pulsatile) flow rates was measured. For 
8 1  
this purpose another Perspex tube of the type shown in figure 38 was 
used, with an internal diameter of 4 mm. With the aid of this tube it was 
possible to measure at higher flow rates than with the one with an 
internal diameter of 14 mm. The tube was connected either to a constant 
infusion-withdrawal pump (Harvard, model 600-900) or to an injector 
(Contrac, CM KNA 500), and to an electromagnetic flow probe 
(Transflow 600) with the same internal diameter as the tube. The Per­
spex tube was placed in a thermostated waterbath. At the entrance and 
outlet of the waterbath the temperature of the blood was measured with 
thermocouples. Blood leaving the tube flowed into a reservoir which 
was placed in the same waterbath. With this set-up it was possible to 
measure blood impedance variations at various blood flow velocities at 
a blood temperature of about 37 °C. Figure 43 shows the results for 
human blood at three different haematocrit values. The obtained 
relationship between average blood flow velocity and blood impedance 
shows that the decrease in resistivity of the blood is considerable in the 
lower range of flow rates. At higher flow rates a kind of plateau is 
reached. 
The cyclic variations in blood flow velocity normally occurring in the 
human aorta and the concomitant variations in resistivity may cause 
impedance changes which are comparable in magnitude to the imped­
ance changes due to the cyclic changes in aortic cross-sectional area. In a 
healthy adult man with a haematocrit value of 45%, the decrease in 
impedance of the aorta (with a radius of I cm), on the basis of an 
assumed 10% variation in aortic circumference with each heart-beat, 
amounts to about 2 1  % (cf p. 15), Eq. 1 1). The decrease in blood 
impedance of the aorta on the basis of the orientation of the erythro­
cytes due to acceleration of blood during early systole will amount to 
approximately 16% (Fig. 43). The effects of blood volume variation and 
of the orientation of the erythrocytes add up together in the arterial 
system, with the time relations taken into account. In this example the 
decrease in impedance of the aorta during systole would amount to 
approximately 37%. The adding up of the effects of volume variation 
and the orientation of the erythrocytes can be demonstrated by meas­
urements in an extensible tube in which the change in impedance of 
blood with normal haematocrit value is compared with the change in 
impedance of a saline solution, which, when stationary, has the same 
resistivity as the stationary blood. Figure 44 shows that although the 
variations in the circumference of the extensible tube (measured with a 
mercury-in-rubber tube) are the same whether blood or saline solution 
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Fig. 43. Relative change in the blood impedance with increasing average flow veloclly at three different haematocrit values, measured in a rigid tube. 
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Fig. 44. Comparison of impedance changes of a saline solution and of blood in pulsatile flow through an extensible tube. When stationary, the resistivity of the saline solution is equal to the blood resistivity. The changes in circumference of the lube are measured by a mercury-in-rubber tube. Upper tracing: relative change in radius of the tube (C1rlr); lower tracing: relative change in impedance (aZ/2). Bovine blood (H = 40%). Average flow rate 22.3 cm3/s; average flow velocity 34.3 cm/s. --- blood, --- -- saline solution. 
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Fig. 45. Blood impedance changes associated with nearly rectangular changes in blood 
flow velocity in a rigid tube. 
Upper tracing: relative change in impedance (.lZIZ): lower tracing: change in flow 
velocity (v). Bovine blood (H = 45.4%, T = 20 °C). 
are pumped through the tube, the decrease in impedance is different. In 
the case of saline solution the decrease in impedance is caused solely by 
the volume variation of the tube. This volume variation is comparable 
in magnitude to volume variations occurring in the human aorta. In the 
case of blood the effect of the change in resistivity due to the orientation 
of the erythrocytes is added to the effect of the volume variation. 
To study, in pulsatile flow, the influence of the pulse frequency on the 
orientation and de-orientation of the erythrocytes, experiments were 
performed in a rigid tube (i.d. 4 mm) in which a nearly rectangular 
change in blood flow velocity was induced by operating an 
electromagnetic valve in such a way that blood flowed either through 
the tube or through a bypass into a reservoir. Figure 45 shows that in 
accelerating flow blood impedance instantaneously follows the velocity, 
whereas in decelerating flow there is a relaxation phenomenon. Con­
sequently, the magnitude of the decrease in blood resistivity due to the 
orientation of the erythrocytes depends on pulse frequency. Below a 
pulse frequency of 70 min-1, the time for the erythrocytes to reach 
random orientation is sufficiently long. Above a pulse frequency of 70 
min- 1 random orientation is not achieved and, therefore, the magnitude 
of the decrease in blood resistivity diminishes. Figure 46 shows that at a 
frequency of 1 84 min- 1 a considerably smaller change in impedance 
accompanies a larger change in velocity than at a frequency of 60 min- 1 . 
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Fig. 46. Dependence of the magnitude of blood resistivity changes on pulse frequency. Upper tracing: relative change in impedance (ll.Z/ZJ; lower tracing: change in flow velocity (v). Bovine blood (H = 45.4%, T = 20 °C), rigid tube. 
Observations on blood flow-related impedance changes in vivo 
The relative importance in vivo of the effects of flow-dependent eryth­
rocyte orientation and vascular volume changes on the electrical 
impedance variations has been determined in experiments on dogs. This 
determination requires an experimental set-up in which one of the two 
factors can be eliminated or at least appreciably diminished. An obvious 
means to this end is to replace the blood of an experimental animal by a 
cell-free solution. However, it is well-known that dogs survive an ex­
change transfusion with a blood plasma substitute for a short time only, 
while during the survival period strong compensatory reactions grossly 
disturb the normal physiological state of the animal. On the other hand, 
it has been shown that stroma-free haemoglobin solutions (SFH 
solutions) are capable of maintaining blood gas transport at a reason­
able level, whereas their acute, and even chronic, nephrotoxicity is 
negligible (20, 19). We therefore decided to use SFH solutions for 
replacing the dog's blood. Preparation and properties of SFH solution 
are described in Appendix I ,  p. 136. 
Experimental data were obtained from 7 adult mongrel dogs of either 
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sex, weighing I 7-29 kg. The dogs were splenectomized at least 2 weeks 
prior to the exchange transfusion experiments. For the experiments the 
animals were anaesthetized with an intramuscular injection of fentanyl 
(0.2 mg · kg- 1) and fluanisone (IO mg · kg- 1) and the analgesia was 
maintained by continuous intravenous infusion of fentanyl ( 1 .5 
mg · h- 1). 
Spontaneous ventilation was suppressed by means of alcuronium (3 
mg bolus, followed by infusion of 1 .5 mg · h-1).  After endotracheal 
intubation the dogs were ventilated with a ( I : 2) mixture of oxygen and 
nitrous oxide, using intermittent positive pressure. 
The dogs were thoroughly shaved round the neck, chest and abdo­
men for the application of the aluminized Milar'iilstrip electrodes (cf 
p. 36). Electrode gel was applied between the electrodes and the skin to 
ensure good electrical contact. One I-electrode and a P-electrode were 
placed round the neck, at least 3 cm apart. The other P-electrode was 
placed round the chest at the level of the xyphoid. The abdominal 
I-electrode was placed at least 3 cm away from the chest P-electrode. 
The left femoral artery and vein were cannulated for withdrawal of 
blood and infusion of stroma-free haemoglobin solution, respectively. 
The right femoral artery and vein were prepared for the introduction of 
catheters: in the artery a catheter with a pressure sensor at the - tip 
(Millar, PC-48 1 )  for measuring aortic blood pressure and in the vein a 
thermistor catheter for measuring blood temperature in the pulmonary 
artery. The right jugular vein was cannulated for the introduction of a 
catheter for measuring blood pressure in the superior ca val vein near the 
right atrium. This catheter was also used for bolus injections of SFH 
solution at room temperature for the determination of cardiac output by 
the thermodilution method using the thermistor in the pulmonary 
artery as detector (30, 3 1  ). All catheters were brought into position 
under X-ray control. 
Beat-to-beat heart rate was derived from the electrocardiogram. The 
volume fraction of CO2 in the end-expiratory gas was continuously 
monitored. Arterial blood gas values and pH were frequently measured. 
The arterial pC02 was maintained at the normal level (33) by adjusting 
the ventilation. Body temperature was maintained as constant as pos­
sible with the help of a thermostatically regulated heating pad. 
The experiments were designed on the basis of the observation that in 
a rigid tube the flow-dependent impedance variations decrease with 
decreasing haematocrit value (H) and disappear when an SFH solution 
is used (29). To obtain a high starting-value for H, part of the dog's 
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blood was first replaced by packed cells from a donor dog. When the 
dog's condition had stabilized, the following measurements and 
recordings were made: thoracic electrical impedance (20), impedance 
cardiogram (liZ and dZI dt), electrocardiogram (ECG), ascending 
aortic blood pressure (Pao), blood pressure in the superior caval vein 
near the right atrium (Pscvra) and cardiac output. A blood sample was 
taken for the determination of H and the resistivity of the dog's blood 
(pb)-
Next, the exchange transfusion with SFH solution was carried out 
through the canulas in the left femoral artery and vein. During the 
exchange transfusion the infused SFH solution is mixed with the fluid 
contained in the animal's vascular system. Consequently, the volume to 
be exchanged in order to reach a sufficiently low haematocrit value is 
larger than the actual blood volume of the dog. The exchange trans­
fusion was done in units of I 00 ml and care was taken that each unit was 
exchanged in exactly the same way. First, 100 ml blood was withdrawn 
from the left femoral artery; 2 min later 100 ml SFH solution (at the 
dog's body temperature) was infused into the left femoral vein. After 
every unit exchanged, a blood sample was analysed for H and Pb· The 
value of the thoracic electrical impedance was measured and the 
impedance cardiogram was recorded with ECG, Pao and Pscvra during 
end-expiratory arrest of the ventilation. 
To allow a reliable comparison between the situation with erythro­
cytes and the situation with virtually no erythrocytes (very low H), 
appreciable cardiovascular changes must be avoided. Several circu­
latory measurements were carried out to ascertain that this requirement 
had been met. In 3 experiments beat-to-beat arterial volume variations 
were measured by means of a mercury-in-rubber tube, which had been 
placed round the abdominal aorta. It appeared that the Pao tracing 
obtained with the aid of the cathetertip-transducer at the level of the 
mercury-in-rubber tube closely resembles the tracing of the variation in 
abdominal aortic circumference (lir) over a wide range of blood press­
ures (Fig. 47). The Pao tracing thus can be used as a measure of the 
beat-to-beat arterial volume variations. 
The total circulating blood volume should not change during the 
experiment. Since the exchange of each unit of blood was done in 
exactly the same way, an exponential decay of H with the number of 
units exchanged (n) may be expected if the total circulatory blood 
volume does not change during the experiment. This was borne out by 
the linear relationship actually found between n and the logarithm of H, 
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Fig. 47. Variations i n  the circumference of  the aorta compared with aortic pressure. Anaesthetized dog, supine position. From top to bottom:  ECG = electrocardiogram: Pao = descending aortic blood pressure (cathetertip-transducer); Pao = descending aortic blood pressure (Statham P23Db); :ir = variation in aortic radius at the level of the cathetertip (mercury-in-rubber tube). The Pao tracing as recorded with the aid of the cathetertip­transducer closely resembles the :ir tracing. Note that in the :ir tracing an increase in radius is recorded as a downward deflection. 
as shown in figure 48. The correlation between In H and n proved to be 
significantly high in all experiments (r between -0.995 and -0.999), 
indicating that the requirement of a constant total circulatory blood 
volume was met. 
The systolic and diastolic blood pressure decreased during the ex­
change transfusion, while the heart rate somewhat increased. Venous 
blood pressure, arterial pulse pressure and the variation in aortic 
circumference with each heart beat were not different before and after 
the exchange transfusion. Stroke volume as measured by the ther­
modilution method did not vary appreciably in one and the same dog. 
Consequently, with regard to beat-to-beat intravascular blood volume 
variations, the situations with and without erythrocytes are directly 
comparable . Electrically, this is not the case. The value of /:,,Z/ Z0 
obtained before the exchange transfusion cannot be directly compared 
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Fig. 48. The logarithm of the haematocrit (H) as a function of the number of units exchanged (n) during exchange transfusion in a dog. 
accompanying change in Pb· None the less, the experiments allow 
important conclusions to be drawn about the nature of thoracic 
impedance (Z0) and the contribution of erythrocyte orientation to the 
heart-synchronous impedance variation as explained in the following 
sections. 
Thoracic electric impedance 
The resistivity of blood (Pb) is a function of the haematocrit value and, 
consequently, decreases considerably during the exchange transfusion 
(Fig. 49). Figure 50 shows how this decrease in Pb is reflected by a 
decrease in Z0 (cf p. 90). This relation between Pb and Z0 can be used 
to test the generally accepted model for the thoracic impedance as a 
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Fig. 50. Thoracic electrical impedance (Z0) as a function of the blood resistivity (Pb) during exchange transfusion in a dog. 
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For frequencies of 10-100 kHz, blood behaves purely resistive (28) 
and therefore the blood impedance is a resistance: Zb = Rb. Because 
the intravascular fluid volume was kept constant during the exchange 
transfusion, the blood impedance (resistance) was proportional to the 
resistivity of blood (Pb) 
(42) 
where K1 is a constant. As the thorax is considered to be a parallel 
connection of a tissue impedance and a blood resistance, it is sometimes 
more simple to use admittance ( Y) instead of impedance (Z); conduc­
tivity (a) is then used instead of resistivity (p ). This converts equation 42 
into 
(43) 
where Yb is the blood admittance, CJb the blood conductivity and K2 a 
constant (K2 = I /  K1). 
For the impedance (20) of the parallel connection of a blood 
impedance (Zb) and a tissue impedance (Z1), the following equation 
applies: 
I I I I I - = - + - = - + -Zo Zb Zt Rb Zt (44
) 
Using admittance instead of impedance, we obtain 
(45) 
where YO is the thoracic admittance, Yb the blood admittance and Yt 
the tissue admittance. 
Combining equations 43 and 45 yields 
(46) 
The results of the measarements of the thoracic impedance (Z0) and 
the resistivity of blood (Pb) after the exchange of each unit were used to 
calculate the values of YO and CJb. The values of YO and CJb thus obtained 
were used to test if the relation between YO and CJb was indeed a linear 
one as indicated by equation 46. The relationship between YO and CJb as 
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Fig. 5 1 .  Thoracic admittance ( Y0) as a function of the conductivity of blood (ob) during exchange transfusion in a dog. 
shown in figure 5 1  indicates that the model for Z0 is adequate. A 
significantly high correlation between YO and Ob was obtained in each 
experiment (r = 0.91-0.99). 
From the values of Y0 and Ob, the values of the tissue impedance (Zt 
= l / Yt) and the proportionality constant (K2) can be estimated by means 
of equation 46. K2 is the slope of the line describing the relationship 
between YO and Pb, and Yt is given by the y intercept of this line. In 
each experiment Zt was always small when compared with Zb ( = Rb)­
Therefore, Z0 is mainly determined by Zt, and variations in Zb cause 
only slight variations in Z0 . 
Contribution of erythrocyte orientation to the heart -synchronous 
impedance variation 
During exchange transfusion only the blood impedance (resistance; Zb 
= Rb) changes; the tissue impedance (Zt) remains constant. The heart-
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synchronous variations !::.Rb in the blood resistance Rb result in heart­
synchronous variations !::.Z in the thoracic impedance 20. Generally, for 
these variations it applies that 
dZ0 d2Z !::.Rb !::.Z = -- !::.Rb + -- · -- + · dRb dRb 2 ! 
(47) 
For small variations in !::.Z the first order approximation can be used: 
It follows from equation 44 that 
Substituted in equation 48 this gives 
Combining this with equation 42 leads to 
!::.Rb _ K1Pb !::.Z 




(5 1 )  
In each experiment Pb, !::.Z and 20 were measured. From these meas­
urements K1 (K1 = I /  K2) was estimated. These data allowed the cal­
culation for each experiment of !::.Rbf Rb in two situations: one with 
erythrocytes and one without erythrocytes. By comparing these two 
values of !::.Rbf Rb we compare the relative change in the blood resis­
tance in a situation where this change is caused by volume variation as 
well as by changes in the orientation of the erythrocytes with that in a 
situation where this change is only caused by volume variations. 
As the stroke volume did not vary appreciably, the considerable 
decrease in !::.Rbf Rb during each experiment shown in table 8 can only 
be explained by the removal of erythrocytes from the circulation. 
93 
Table 8. i:J.Rbl Rb and H before and after the exchange transfusion 
No H (%) t.RblRb (%) Exp 
before after before after 
1 0 12  59.0 4.2 9.4 3.4 
10 19  57.7 4.7 5.7 2.2 
102 1 58.9 4.0 14. 1 6.4 
1023 63.8 4.0 6.2 2.6 
1058 66.9 4.2 10.8 1 .9 
1060 59.8 6.3 6.0 3.3 
1064 5 1 .7 4.4 8. 1 5.8 
::i.RblRb : relative change in the blood resistance 
H : haematocrit 
Conclusions 
The thoracic impedance (Z0) can be represented as a parallel connec­
tion of a blood resistance (Rb) and a tissue impedance (Z1). The tissue 
impedance is small when compared with the blood resistance. The 
heart-synchronous variations in thoracic impedance (LiZ) are caused by 
two phenomena of quite different nature : blood volume variations 
occurring with each heart beat and cyclic changes in orientation of the 
disk-shaped erythrocytes. The two phenomena that cause the heart­
synchronous impedance variations are of comparable magnitude. 
Consequently, it is incorrect to regard impedance cardiography as a 
plethysmographic method. 
Origin of the impedance cardiogram 
The importance of the two phenomena underlying the heart­
synchronous impedance variations as described in the previous section 
is different in each of the various intrathoracic vascular compartments. 
Therefore, this impedance variation is a complicated signal. It is at each 
moment the sum of all the resistance variations caused by blood volume 
variations and by changes in the orientation of the erythrocytes. For a 
proper understanding of the impedance cardiogram it is therefore 
necessary to consider the influence of the major parts of the intratho­
racic blood compartment on the principal features of the tracings. 
To investigate a possible contribution of the heart to the thoracic 
impedance variations, Bonjer (3) insulated the heart of a dog with a 
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rubber sheath. However, there was no significant effect on the recorded 
impedance cardiogram (cf p. 14 and Fig. 7). Geddes and Baker (9) 
performed a series of experiments in the dog in which a local decrease in 
resistivity was provoked by instantaneous injection of 2 ml concentrated 
saline solution (200 g · 1-1 NaCl) at various sites in the intravascular 
compartment (cf p. 32). The injections were given during diastole. 
Every injection was followed by a decrease in thoracic impedance, but 
the onset and the magnitude of the decrease in impedance varied with 
the site of injection. Injection into the inferior caval vein or into the 
descending aorta caused in both cases a considerable decrease in tho­
racic impedance of similar magnitude. Injection into the right or left 
ventricle resulted in a relatively small decrease in thoracic impedance, 
followed by a much larger decrease at the onset of right or left ventri­
cular ejection, respectively. The decrease in thoracic impedance during 
' 1� Fig. 52. Effect of injecting strong saline solution into the left and right ventricle. Injection in diastole of 2 ml concentrated saline solution into the right ventricle (upper panel) and into the left ventricle (lower panel). From top to bottom: Lead II = electro­cardiogram; B.P. = aortic blood pressure; Impedance = heart-synchronous impedance variation. Note that in this figure the heart-synchronous impedance variation is recorded in such a way that a decrease in impedance is a downward deflection. Reproduced from reference 9. 
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the first post-injection beat was consistently larger after injection into 
the left ventricle than after injection into the right ventricle (Fig. 52). 
These experiments demonstrated that the ventricular wall acts like an 
insulator around its content and that the thoracic impedance decreases 
at the moment when the blood with lowered resistivity enters the large 
intrathoracic blood vessels. Consequently, an appreciable contribution 
of the ventricles per se is very improbable. 
The experiments of Bonjer as well as those of Geddes and Baker 
indicate that the cause of the heart-synchronous impedance variations is 
to be found in the blood vessels between the P-electrodes. In this con­
nection one should bear in mind that in the four circular electrode­
arrangement (Fig. 10), the constant current is longitudinally applied to 
the thorax. Therefore, a considerable contribution to the heart­
synchronous impedance signal may be expected from resistance 
variations in the long and large blood vessels which run parallel to the 
electrical field lines in the thorax. In this respect the aorta and the 
superior and inferior caval veins have a favourable course within the 
thorax. However, it must be emphasized that these blood vessels contain 
less blood than the pulmonary arteries and veins. The pulmonary veins 
contain a large portion of the intra thoracic blood volume and when the 
body position is changed from erect to supine more blood is shifted to 
the pulmonary veins (2). 
An important contribution of the pulmonary arteries to the imped­
ance cardiogram is not be expected, because their course within the 
thorax is unfavourable with respect to the electrical field lines. The 
onset of the ejection wave is always associated with the onset of left 
ventricular ejection, though normally right ventricular ejection starts 
somewhat earlier (5). Figure 53 shows a simultaneous recording of an 
impedance cardiogram, blood flow velocity in the pulmonary artery 
and ascending aorta, ascending aortic blood pressure, ECG and heart 
sounds in a dog. It can be seen that the ejection wave in the impedance 
cardiogram starts at the same time as ascending aortic flow, while 
pulmonary flow starts earlier. Thus an appreciable contribution of the 
pulmonary arteries to the heart-synchronous impedance signal is very 
improbable. 
A significant contribution of the aorta and some of its branches is to 
be expected because of their favourable course within the thorax and 
the considerable variations in their diameter occurring with each heart 
beat. The results of the experiments of Geddes and Baker (cf p. 95) 
also point in this direction. Moreover, the effects of blood volume 
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Fig. 53. Pulmonary arterial and aortic flow velocities recorded simultaneously with the impedance cardiogram. Anaesthetized dog, supine position. From top to bottom: ECG = electrocardiogram; v00= ascending aortic flow velocity, Vpa = pulmonary arterial flow velocity (intravascular electromagnetic flow velocity probes; Transflow 600); P 00 = ascending aortic blood press­ure (Statham P23Db); uZ = heart-synchronous impedance variation; dZ!dt = rate of change of heart-synchronous impedance variation; PCG = phonocardiogram. In the middle of all tracings a recorder synchronization signal is included. 
variation and the orientation of the erythrocytes add up together in the 
arterial system, with the time relations taken into acount. With a 
haematocrit value of about 45% both effects on the aortic impedance are 
of comparable magnitude (cf p. 82). That venous blood volume 
variations also influence the thoracic impedance variations follows from 
the finding shown in figure 54 made during one of the experiments in 
which a dog's blood was exchanged by a stroma-free haemoglobin 
solution. In this situation the influence of the orientation of the ery­
throcytes on the heart-synchronous impedance variations has been 
eliminated and the recording represents a 'pure' volume curve (Fig. 54). 
This impedance cardiogram mainly originates from arterial blood 
volume variations, but venous blood volume variations do contribute to 
the signal, as is demonstrated by i.v. injection of 20 mg acetylcholine, 
97 
ECG ,...-J-__.-J-,---' __________ - - ----- ----- --
"\,. ·. - '\... 










Pa:,13:ra ____ - - ---- -=======:__-:::::===-=---...____:::::::�-
. ·- ·- .... --- - ,,_,_. .,..._ �------- r----
Fig. 54. Comparison of the shape of the .lZ tracing with the aortic and superior caval venous pressure curves, before and after the i.v. infusion of 20 mg acetylcholine in a dog after exchange transfusion with a stroma-free haemoglobin solution (H "" 2.4%). Anaesthetized dog. supine position. From top to bottom: ECG = electrocardiogram: .lZ "" heart-synchronous impedance variation; dZ!dt = rate of change of the heart­synchronous impedance variation;  Pscv = blood pressure in the superior caval vein (Statham P23bb); Pao = blood pressure in the ascending aorta (intravascular electromag­netic flow velocity probe: Transflow 600). Arrow indicates intravenous injection of20 mg acetylcholine. 
which causes a short period of heart arrest. Figure 54 shows that in the 
beginning of the heart arrest period, thoracic impedance increases with 
the decrease in arterial blood pressure. After 2 s, however, despite con­
tinuing arterial run off of blood, thoracic impedance decreases again, 
now synchronously with a rise in venous blood pressure. The arterial 
blood pressure recording represents the arterial blood volume variation 
over a wide range (cf p. 88), Fig. 47). The same holds for venous blood 
pressure (6). Therefore, the blood pressure recordings can be used as 
indicators of arterial and venous blood volume variations. In the period 
of cardiac arrest pulmonary blood volume does not change, though 
some blood will shift to the pulmonary veins. This decrease in thoracic 
impedance cannot be attributed to systemic arterial events, but they can 
be caused by the increase in venous blood volume, whether systemic 
venous, pulmonary venous, or both. 
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In the large intrathoracic veins (systemic as well as pulmonic) the 
situation is different from that in the arteries. Normally, the heart­
synchronous variations in vein diameter are much less than in the 
arteries (28). Moreover, the effect of the orientation of the erythrocytes 
occurring with flow velocity variations is in the veins not necessarily in 
the same direction as the effect of the volume variations. The flow 
pattern in the large intrathoracic veins is normally biphasic, with a peak 
in flow during systole as well as during diastole. Shortly before the onset 
of the systolic flow wave, atrial contraction occurs. The venous flow 
pattern is similar in the ca val and the pulmonary veins ( l 7, 11 ). At low 
heart rates atrial contraction may produce a back flow wave ( 1 7). Dur­
ing this back flow wave the effect of venous blood volume variation 
(filling of the large veins) and of the orientation of the erythrocytes on 
the electrical impedance is in the same direction. When a back flow 
wave is absent, the venous flow pulse is virtually a mirror image of the 
atrial blood pressure variations (7). Then, the effects of blood volume 
variation and of the orientation of the erythrocytes on the electrical 
impedance in the intrathoracic veins are opposite, because the volume 
of the large veins decreases when they empty their blood into the atria, 
while the flow rate increases. It may be expected that under normal 
circulatory conditions the effect of the orientation of the erythrocytes on 
the electrical impedance will dominate over the effect of venous blood 
volume variations, since at lower flow rates a moderate change in blood 
flow velocity causes a considerable change in resistivity (Fig. 43). 
The important contribution of blood flow-related resistivity changes 
in veins to the genesis of the impedance cardiogram is clearly reflected 
in the considerable decrease in impedance in the diastolic part of the 
impedance cardiogram. This diastolic decrease in impedance occurs at 
the moment of rapid filling of the ventricles and we therefore propose to 
call this wave the F (filling) wave. 
The F wave in the impedance cardiogram 
lf we compare the impedance cardiograms of one and the same healthy, 
adult subject taken in erect and supine positions (Figs. 55 and 56), it 
appears that the diastolic decrease in thoracic impedance, the F wave, is 
larger in supine position. An exaggerated F wave has been found under 
various circumstances by several investigators. For instance, the F wave 
was found to increase in subjects who were tilted 10° with the head 
down (7). In subjects wearing dry suits which covered the four 
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Fig. 55. Relatively small F (filling) wave in erect position. 
Healthy, 2 1 -year-old male subject at rest. The F wave occurs during the rapid filling phase 
of the ventricles. From top to bottom: ECG = electrocardiogram; PCG = phonocar­
diogram; .lZ - heart-synchronous impedance variation; dZI dt = rate of change of the 





Fig. 56. Relatively high F wave on changing the body position from erect to supine. 
Same subject as in figure 55. From top to bottom: ECG = electrocardiogram; PCG = 
phonocardiogram; ilZ = heart-synchronous impedance variation ; dZ/dt = rate of change 
of the heart-synchronous impedance variation. 20 = 1 8.7Sl 
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electrode-system, an exaggerated F wave was found when the subjects 
were immersed in upright position into water ( l ). In our healthy adults, 
the F wave in the impedance cardiogram measured during exercise at 
increasing work load levels up to maximum load (cf p. 50), was never 
higher than shown in figure 25. In patients with ischaemic heart disease, 
on the other hand, a high F wave may appear in the impedance car­
diogram at a relatively low work load and disappear again after a short 
period of rest (2 I ). Ramos (2 l) found an abnormal early diastolic wave 
in 30 out of 8 I patients with acute myocardial injury. Of the 8 1  patients 
I 8 died and I 6 of these 18 had shown the abnormal wave-form. Ramos 
(2 1 ), therefore, regarded this abnormality in the impedance cardiogram 
as a predictor of the outcome in patients with several myocardial insults, 
both in terms of functional disability and death. 
An exaggerated F wave is also seen in patients with mitral valve 
insufficiency ( cf p. 102). Lesch in et al. ( 15) repeatedly found such a 
wave in recordings from over 900 patients, whenever significant mitral 
regurgitation was present. In their experience, an exaggerated F wave 
proved to be so reliable a sign that they unhesitatingly diagnosed mitral 
regurgitation even in cases of idiopathic and ischaemic congestive 
heart disease in which no murmer could be heard. Schieken et al. (22) 
tried to calculate a regurgitation fraction using the F wave of the dZ! dt 
tracing. The regurgitation fraction calculated in this way proved to 
correlate reasonably with the regurgitation fraction as determined by 
angiocardiography (r = 0.89; n = 23). This typical abnormal F wave in 
patients with mitral regurgitation was also observed by Karnegis et al. 
( 13). Bowles et al. (4) calculated a ratio from the deflections of the F and 
E waves (cf p. 1 19, Fig. 7 1) of the impedance cardiogram during rest and 
immediately after atrial stress pacing in patients with obstructive coro­
nary artery disease. They concluded that an increase in the ratio FIE 
clearly correlates with an increase in left ventricular end diastolic 
pressure as well as with a decrease in the ejection fraction. Therefore, 
they regarded this ratio to be a reliable indication of the presence of 
myocardial ischaemia. 
Many of the authors mentioned above (2 I ,  IS, 22, 13, 4) are convinced 
of the clinical usefulness of F wave changes in the impedance car­
diogram, although these changes cannot be explained on the basis of the 
conventional theory which regards impedance cardiography as an es­
sentially plethysmographic method. The uncertainty as to the origin of 
the F wave changes, however, imposed some reserve regarding the 
interpretation in terms of underlying pathophysiological phenomena. 
IO I  
By taking the flow-dependent res1st1v1ty changes of the blood into 
account, a satisfactory explanation of the clinically observed F wave 
changes can be given. 
Figure 57 shows the impedance cardiogram of a patient with mitral 
insufficiency. The marked F wave in this tracing shows a rapid decrease 
in impedance at the moment of rapid filling of the ventricles as well as a 
rapid increase in impedance at the moment of atrial contraction. These 
two rapid changes in impedance cannot be explained by blood volume 
variations, but can be explained by blood flow variations in the large 
intrathoracic veins, since the latter are associated with changes in the 
orientation of the erythrocytes and therefore can cause the impedance 
variations of which the F wave is the result. 
The situations in which an exaggerated F wave was found, have one 
thing in common: an increase in intrathoracic blood volume. The pul­
monary veins contain most of this blood which leads to an increase in 
their cross-sectional area. Consequently, a greater part of the electric 
current passes through them and changes in blood resistivity due to the 
orientation of the erythrocytes become more clearly reflected in the 
impedance cardiogram. 
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Fig. 57. Exaggerated F wave i n  a patient with mitral insufficiency. 28-year-old male, supine position at rest. Note the large diastolic decrease in thoracic impedance (F wave) and the increase in impedance following atrial contraction. From top to bottom: ECG = electrocardiogram; PCG = phonocardiogram; !!.Z = heart­synchronous impedance variation; dZ/dt = rate of change of the heart-synchronous impedance variation. 
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Figure 52 shows that the thoracic impedance gradually decreases 
after injection of the concentrated NaCl solution (cf p. 95) into the 
right ventricle and it remains at this lower value as long as the NaCl 
solution stays in the pulmonary circulation. This is in contrast with the 
effect of injection into the left ventricle. Thoracic impedance decreases 
instantaneously during the first post-injection beat and increases again 
after a few heart beats when the solution partly leaves the blood vessels 
between the P-electrodes. The recording after injection into the right 
ventricle shows that part of the electric current indeed passes through 
the pulmonary veins. Moreover, the increase in pulmonary blood 
volume has implications for the flow pattern in the pulmonary veins. 
Due to an increase in pulmonary venous blood pressure, a higher 
pressure gradient exists for left ventricular filling at the moment of 
mitral valve opening. Therefore, pulmonary venous blood flow 
acceleration will be increased in this situation. Skagseth (27) measured 
during thoracic surgery the pulmonary venous flow pattern with an 
electromagnetic flowmeter in patients with mitral insufficiency and 
found that pulmonary venous flow mainly occurred during diastole. 
The idea that pulmonary venous flow plays an important part in the 
genesis of the impedance cardiogram is further supported by the ex­
periments of Goto et al. ( 10). They were able to provoke an exaggerated 
F wave in the dog by inflation of an implanted left atrial balloon. 
Inflation of the balloon again leads to an increase in pulmonary blood 
volume as well as an increase in the pressure gradient from the pulmo­
nary veins to the left ventricle. The more the balloon was inflated, the 
higher was the F wave and the steeper was the y-descent in the left atrial 
blood pressure tracing, indicating an increased acceleration of pulmo­
nary venous blood toward the left ventricle at the moment of mitral 
valve opening. 
Influence of venous blood flow 011 the impedance cardiogram 
The considerable increase in impedance generally seen immediate!� 
after atrial contraction (Fig. 57) can be explained by the sharp reduction 
in venous blood flow rate occurring at that moment. Flow is halted or 
even momentarily reversed by atrial contraction (11, 17). When back 
flow is present an A wave (atrial contraction wave, cf p. l 19, Fig. 7 1) 
will be seen in the impedance cardiogram, because in that situation the 
effects of both volume variation and of the orientation of the erythro­
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Fig. 58. Marked A wave following atrial contraction in a patient with mitral stenosis. 34-year-old male, supine position at rest. From top to bottom: ECG = electrocardiogram: PCG = phonocardiogram: ..iZ = heart-synchronous impedance variation: dZldt = rate of change of the heart-synchronous impedance variation. Z0 = l 8.6!.1. 
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Is Fig. 59. Ab,ence of A wave in a patient with atrial libnllation. 
+- I .. 
37-year-old male. supine position at rest. Atrial contraction waves are absent from the impedance cardiogram. A longer R-R interval in the ECG is followed by a more vigorous beat as shown by the higher value of (dZI dt)min· From top to bottom: ECG = electro­cardiogram: PCG = phonocardiogram: ..iZ = heart-synchronous impedance variation: 
dZldt = rate of change of the heart-synchronous impedance variation. Z0 - 22.0!.1. 
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pulmonary veins will occur at low heart rates and disappear when the 
heart rate increases. A waves in the impedance cardiogram are therefore 
especially seen at low heart rates and they disappear during exercise. 
When atrial contraction does not cause back flow in the veins, an A 
wave may be absent from the impedance cardiogram. Then, the effect 
of blood volume variation and the effect of the orientation of the 
erythrocytes work in opposite directions because the volume decreases 
when the flow accelerates. When left ventricular inflow is impeded as in 
a patient with mitral stenosis, back flow is likely to occur. This is 
illustrated by the exaggerated A wave in the impedance cardiogram of 
the patient with mitral stenosis shown in figure 58. On the other hand, 
figure 59 shows no A wave at all in a patient with mitral stenosis and 
atrial fibrillation. 
In patients with severe mitral insufficiency the pulmonary venous 
blood flow mainly takes place during diastole (27). In healthy subjects, 
however, the caval and pulmonary venous blood flow patterns are 
biphasic (32, 26). There is a distinct flow peak during systole and a 
second one during diastole. Under normal circulatory conditions the 
forward flow in the veins during ventricular systole is considerable (32). 
It is accompanied by a fall in the resistivity of the blood through the 
orientation of the erythrocytes. Consequently, the flow in the intratho­
racic veins also contributes appreciably to the systolic part of the 
impedance cardiogram. This conclusion is supported by the effect of 
ventricular premature beats on the impedance cardiogram of a dog as 
shown in figure 60. The different excitation sequence of the heart causes 
the ventricular con traction to change. Ventricular con traction then 
presumably does not start with the descent of the a trio-ventricular plane 
which is a main cause of the systolic flow peak in the pulmonary veins. 
This affects the shape of the impedance cardiogram, although arterial 
blood pressure and ascending aortic flow velocity remain unchanged. 
From the above considerations the following picture emerges as to the 
genesis of the heart-synchronous variations in thoracic impedance 
under normal circulatory conditions. The variations in blood volume, 
which are responsible for roughly half of the /12 signal, originate mainly 
from the aorta and some of its branches and to a small extent from the 
intrathoracic (caval and pulmonary) veins. The other half of the /12 
signal originates from resistivity variations due to the orientation of the 
erythrocytes, which are associated with blood flow velocity changes in 
the aorta and some of its branches as well as in the intrathoracic (caval 
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Fig. 60. Variation in the height of the E (ejection) wave in the dZldt tracing due to ventricular premature beats. Anaesthetized dog. supine position. From top to bottom: ECG = electrocardiogram; ..'.Z = heart-s) nchronous impedance \a riat10n.  dZ/dt = rate of change of the heart­synchronous impedance variation: Psc,• = supenor caval venous blood pressure (Statham PP23bb): Pao = ascending aortic blood pressure (Statham P23Db); l'ao = ascending aortic blood flow \ elocit) (intravascular blood flow velocity probe: Transflow 600). The low heart rate is due to liberal administration of fentanyl (cf p. 86). ECG lead II shows a non­regular alternation between atnal and ventricular activation. An abnormal sequence m impulse conduction is frequent!) present. Therefore. the impulse may be expected to be conducted m the reverse direction. i.e. from base to apex of the heart. 
and pulmonary) veins. With regard to the dZ!dt signal it seems very 
likely that the maximum deflection, (dZ!dt)min, which is reached in 




Evaluation of impedance cardiography 
The thoracic electrical impedance (Z) varies with ventilation as well as 
with cardiac activity. During breathholding the heart-synchronous 
impedance variation (LiZ) can be recorded. We defined the maximum 
value of Z as Z0 (cf p. 8) and to conform with the existing literature 
we use 20 as the value representative for the thoracic impedance Z 
when disregarding the heart-synchronous variation. 20 is regarded as a 
parallel connection of a tissue impedance (Z1) and a blood resistance 
(Rb) (cf p. 94). Rb by far exceeds Zt · This means that 20/ Zt is much 
greater than 20/ Rb and thus variations in Rb appear to be much less 
pronounced than proportional variations in Z1. Therefore Z0 is far 
more sensitive to changes in the extra vascular fluid volume in the thorax 
than to blood resistance variations induced by cardiac activity. 
Thoracic electrical impedance 
In the four-electrode-arrangement of figure 10 it is customary to 
designate the impedance between the P-electrodes as the thoracic 
electrical impedance. Actually, the space encompassed by these 
electrodes includes parts of the neck and the abdomen. None the less we 
have continued the use of the term to conform with the existing litera­
ture. 
The thorax is an inhomogeneous electrical conductor consisting of 
various tissues with marked differences in resistivity (6). None the less 
there is a linear relation between the average P-electrode distance and 
Z0 over the whole range measured (Fig. 17). Obviously, the main 
conductive pathway through the thorax is the interstitial fluid of the 
various tissues, as the principal conductive pathway in the blood is the 
plasma. It has also been shown that Z0 is inversely related to the 
cross-sectional area of the thorax. This is demonstrated by the Z0 
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Fig. 6 1 .  Variation of the thoracic electrical impedance (Z) with ventilation and cardiac activity. Healthy. 25-year-old male subject, erect position at rest. Note that in this figure as in figure 2, a decrease in impedance is recorded as a downward deflection. The heart-synchronous impedance variations are superimposed on a slight variation with resting tidal volume (respiratory frequency 12 min- 1 ). Deep inspiration. however, is followed by a change in Z of about I n. 
circumference (Fig. 22). Therefore, Z0 is considerably higher in 
children than in adults. 
Figure 6 1  shows how Z0 varies with ventilation and cardiac activity. 
The resting tidal volume produces a slight variation in Z0. Inspiration is 
accompanied by an increase in Z0, expiration by a decrease. During 
inspiration the non-conductive gas volume of the lungs increases and 
part of the conductive material is removed from the space encompassed 
by the P-electrodes. This effects an increase in Z0 which is somewhat 
counteracted by a concomittant increase in intrathoracic blood volume. 
Measurement of gas volume variations in the lungs is thus hindered by 
the associated variations in intrathoracic blood volume. With certain 
special electrode arrangements, several investigators ( I, 7, 17, 20) found 
a linear relationship between variations in thoracic impedance and gas 
volume variations in the lungs as measured by spirometry. The recorded 
respiratory impedance change then closely followed the tidal volume 
change. Calibration of the impedance signal in terms of gas volume, 
however, remained a problem, because a considerable variation in 
calibration constants was found between subjects and even between 
trials in one and the same subject ( 1 7) .  Other investigators ( 14, 34) 
showed that regional ventilatory variations can be detected by imped­
ance measurements with electrodes placed appropriately. 
A fall in thoracic electrical impedance has been used as an indicator 
of the accumulation of intra thoracic fluid. Pleural effusion, pulmonary 
edema and pericardia! fluid accumulation as well as an increase in 
intravascular fluid volume, result in a decrease in Z0.  Figure 62 shows 
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T I ME ( m t n )  AFTER ORAL INTAKE OF ISOTONIC SALINE SOLUTION 
Fig. 62. Decrease in Z0 after drinking 0.5 1 isotonic saline solution. 
Healthy, 2 1 -year-old male subject, supine position at rest. At zero time the subject 
consumed 0.5 1 isotonic saline solution within 2 min. All Z0 readings have been made at 
end-expiratory level. 
the decrease in 20 after drinking 0.5 1 isotonic saline solution. A part of 
this solution will increase the extracellular fluid volume between the 
P-electrodes. During the experiment the subject remained in supine 
position at rest while breathing quietly. All 20 readings were done at 
end-expiratory level. 
A limitation to the application of 20 measurements for detecting 
fluid accumulation in the thorax is the considerable variation in 20 
between individuals. Therefore, every individual has to serve as his own 
control. To overcome this limitation Khan et al. ( 14) considered two of 
the factors causing this variation: the electrode distance and the size of 
the thorax. They formed an equation to predict Z0 from externally 
measured dimensions of the human thorax. 
66.0 I ( I  + r)2 Z0 = 5.8 + --�-� r (P1 + P2)2 (52) 
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in which Z0 is the thoracic impedance (Q), I the average distance 
between the P-electrodes (m), P 1 the perimeter of the elliptical contour 
at the level of the axillae (m), P2 the perimeter of the elliptical contour at 
the level of the xiphoid (m), r the ratio of the major axis to the minor 
axis of the assumed elliptical cross-section of the thorax at the level of 
the xiphoid; 5.8 and 66.0 are constants expressed in Q and Q · m, 
respectively. The equation is based on the assumptions that the thorax 
can at 20 kHz be represented by a simple resistance with an average 
resistivity of 5 .72 Q m, and that the shape of the thorax is conical, with 
an elliptical cross-section. The equation originally derived on the basis 
of these assumptions yielded Z0 values different from those actually 
measured. Therefore, the equation was modified using the results of 
measurements of 10 healthy subjects, aged 6-72 years. This resulted in 
equation 52. 
Khan et al. (14) tested the validity of this equation in 103 healthy 
subjects of both sexes and of various ages and builds. The values of Z0 
as calculated with equation 52 showed a maximum error of 4.5% in 
comparison with the corresponding measured values. Consequently, 
when the measured Z0 value in a patient was less than 95% of the 
predicted value, a search for some kind of fluid accumulation in the 
thorax was deemed necessary. Khan et al. ( 14) used in all measurements 
a 20 kHz current of 3 mA. When Z0 is measured with a 100 kHz current 
of 4 mA, the constants 5.8 and 66.0 in equation 52 should be adjusted 
accordingly. Repeated measurements of Z0 have been shown to be of 
value as an indication of the effectiveness of treatment in cases of 
pulmonary edema (8, 24, 33). 
Hoon et al. ( IO) reported about thoracic impedance measurements 
made in 50 healthy subjects at sea level and at an altitude of 3658 m. The 
high altitude location was reached after an hour's journey by aircraft. 
Measurements of Z0 were carried out during the first 8 h and on the 
2nd, 3rd, 4th, 5th and 10th day after arrival. Thirty subjects out of the 
group of 50 developed symptoms of acute mountain sickness, which was 
accompanied by a significant decrease in Z0. The largest drop in Z0 was 
seen in 4 subjects who suffered from manifest pulmonary edema. After 
treatment and recovery, the Z0 values were again similar to their values 
at sea level before the journey. 
Matsumori (23) measured Z0 in patients during and after open heart 
surgery. Those patients in whom Z0 decreased to below 17 Q after 
artificial valve implantation proved to run a troubled post-operative 
course; the patients in whom the Z0 value decreased to below 15 Q all 
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Fig. 63. Fall in Z on changing body position. 
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Healthy, 25-year-old male subject. Note that a decrease in Z is recorded as a downward denection. Z falls rapidly when the body position is changed from sitting to supine. 
had a grave prognosis. It is not mentioned in Matsumori's report what 
current and frequency were used, nor is the P-electrode distance 
specified. 
As shown in chapter 3, Z0 depends on the average P-electrode dis­
tance (cf p. 40) as well as on the thoracic circumference (cf p. 45). 
Therefore, the absolute values reported by Matsumori (23) cannot be 
applied to other patients and procedures. His results do show, however, 
that Z0 measurements can be of considerable prognostic value. 
Z0 also proved to be sensitive to variations in body position. When 
the body position was changed from sitting to supine, Z0 decreased 
rapidly by about 1 Q ( ca 5%) (Fig. 63). Similar results have been 
obtained by Stick (3 1 ). This decrease in Z0 is probably caused by the 
upward displacement of the diaphragm occurring on changing from 
sitting to supine position. As the chest P-electrode is partly below the 
level of the diaphragm, any downward shift of the abdominal content 
diminishes the amount of conductive material between the P-electrodes. 
Shape of the impedance cardiogram 
Heart-synchronous electrical impedance variations (LiZ) were recorded 
in our laboratory with Kubicek's impedance cardiograph (cf p. 36) in 
some 100 healthy subjects of both sexes, aged 1 8-30 years. All recordings 
were made at rest, during end-expiratory breathholding and in the erect 
as well as in the supine position. The first derivative of the signal (dZI dt) 
was also recorded. In spite of considerable differences in the maximum 
amplitudes of LiZ and dZ!dt, the tracings of all subjects, recorded in 
erect or supine body position, showed specific peaks and troughs 
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Fig. 64. Normal impedance cardiogram. 
Healthy. 25-year-old male subject, erect position at rest. From top to bottom: ECG = 
electrocardiogram; PCG = phonocardiogram: dZ!dt = rate of change of the heart­
synchronous impedance variation; ..lZ = heart-synchronous impedance variation. Z0= 
2 1 .s n. 
borne in mind that in the 6.Z tracing an upward deflection represents a 
decrease in impedance, that a decrease in 6.Z is associated with a 
deflection in the dZ! dt tracing above the zero level, that a deflection 
above the zero level thus represents the velocity of an impedance 
decrease, and that, consequently, the extreme value is designated (dZI 
dt)min (cf p. 9). 
A normal impedance cardiogram is shown in figure 64 together with 
an electrocardiogram and a phonocardiogram. 6.Z shows a rapid 
decrease during the latter part of the first heart sound. This decrease is 
smooth and it is steepest in the very first part of the left ventricular 
ejection period, as indicated by the position of the top in the dZI dt 
tracing ((dZ! dt)min)- Z reaches its lowest value (top of the 6.Z tracing) 
at about 2/3 of the left ventricular ejection period, thereafter it increases 
again. This increase is temporarily accelerated when the aortic valve 
closes. A second, smaller decrease in impedance occurs in the first part 
of the ventricular filling phase. This decrease is followed by a gradual 
increase towards the pre-ejection level. On this part of the tracing, a 
small wave can usually be distinguished, associated with atrial contrac­
tion. The dZ! dt tracing indicates much more clearly the small, rapid 
changes in impedance which occur during the cardiac cycle. 
The impedance cardiogram was carefully studied in relation to the 
heart sounds in a group of 9 l subjects by Lababidi et al. ( l  9) using 
Kubicek's impedance cardiograph (cf p. 36). Though most of these 
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Fig. 65 .  The relationship between A wave and atrial contraction in a patient with complete atrio-ventricular block. 6 1 -year-old female, erect position at rest. From top to bottom: ECG = electrocardiogram; �Z = heart-synchronous impedance variation; dZ!dr = rate of change of the heart­synchronous impedance variation; ECG = electrocardiogram. Z0 = 27. I Q. The ECG shows a regular sino-atrial rhythm as indicated by the P waves, completely dissociated from the ventricular complexes. The P waves are followed by clearly visible atrial contraction waves in the impedance cardiogram. 
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subjects were children, the same peaks and troughs were found in their 
impedance cardiograms as in the tracings of our group of healthy adults. 
Lababidi et al. ( 19) related some sharply demarcated points in the dZ!dt 
tracing to specific points in the corresponding phonocardiograms (cf p. 
29), Fig. 13). The A point was found to occur synchronously with a 
fourth heart sound, the B point synchronously with the first heart sound, 
the X point synchronously with the aortic component of the second 
heart sound, the Y point synchronously with the pulmonic part of the 
second heart sound, the O point synchronously with a mitral opening 
snap and the Z point synchronously with a third heart sound. All 
measurements were made with the children in supine position at rest. In 
our measurements in healthy subjects, alterations in the magnitude of 
the peaks and troughs in the impedance cardiogram occurred with a 
change in body position from erect to supine or vice versa, but they 
practically always remained distinguishable. 
On the ground of our measurements in healthy subjects as well as in 
patients with various kinds of heart disease (chapter 3), the following 
comments can be made on the points in the impedance cardiogram as 
distinguished by Lababidi et al. ( I 9). The A point cannot be clearly 
distinguished in every dZ!dt tracing, but the P wave in the ECG is 














Fig. 66. Undulation in the impedance cardiogram with atrial flutter. 56-ycar-old male patient with a ventricular pacemaker. supine position at rest. From top to bottom: ECG = electrocardiogram; Pao = aortic blood pressure as measured by a cathetertip-transducer: .lZ = heart-synchronous impedance variation: dZ/d1 = rate of change of the heart-synchronous impedance vanation. The P waves in the ECG are followed by atrial contraction waves in the impedance cardiogram. Z0 = 20.7f!. 
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usually followed by a small wave in the impedance tracings. In healthy 
subjects this wave is more pronounced at low heart rates. The 
relationship of this A wave with atrial contraction is clearly shown in the 
impedance cardiogram of a patient with atrio-ventricular block (Fig. 
65). In the impedance cardiogram of a patient with atrial fibrillation, 
however, no A wave can be discerned (cf p. 104, Fig. 59). In patients 
with atrial flutter, definite undulations may be present in the dZ/dt 
tracing (Fig. 66). This has also been observed by Karnegis et al. ( 1 1 ). 
The B point is always visible in the dZI dt tracing. This point is often 
situated near the zero-level and coincides with the onset of left ventri-
Is 
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Fig. 67. Coincidence of the B point with the onset of the rise in ascending aortic blood pressure. 52-year-old male patient with aneurysm of the heart. supine position at rest. From top to bouom: ECG = electrocardiogram; PCG = phonocardiogram; Pao = ascending aortic blood pressure as measured by a cathetertip-transducer: .lZ = heart-synchronous imped­ance variation; dZ!d1 = rate of change of the heart-synchronous impedance variation. Z0 = 22.7Q. The B point in the DZ/di tracing is above the zero level (cf Fig. 13 ), but coincides with the onset of left ventricular ejection as indicated by the onset of the rise in ascending aortic blood pre�sure. 
1 1 5 
cular ejection. Sometimes the B point is found appreciably above the 
zero-level (Fig. 67), but even then it coincides with the onset of left 
ventricular ejection. 
The X point in the dZI dt tracing is clearly distinguishable in healthy 
subjects at rest as a sharp notch and it coincides with the aortic 
component of the second heart sound. In healthy subjects shortly after 
exercise, however, the X point is less sharp and is not precisely 
associated in time with the aortic component of the second heart sound. 
In patients with aortic incompetence the X point is not as sharp a notch 
as the one in figure 13  (Fig. 68). After the implantation of an artificial 
aortic valve, the X point is more pronounced than in healthy subjects 
(Fig. 69). 
The Y point in the dZ!dt tracing is associated with the pulmonic part 
of the second heart sound. Lababidi et al. (19) found a close correlation 
between the X-Y interval and the interval between the aortic and pul­
monic part of the second heart sound. Both intervals varied in a similar 
fashion with respiration. In practically all the impedance cardiograms 
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Fig. 68. No sharp X point in a patient with aortic stenosis and aortic insufficiency. 39-year-old male. supine posi tion at rest. From top to bottom : ECG = electrocardiogram; PCG = phonocardiogram; P/v - left ventricular pressure as measured by a cathetertip­transducer. 12 = heart-synchronous impedance variation; dZ/dt = rate of change of the heart-synchronous impedance variation. Z0 = 1 8.00. Note the slight pulsus altemans in the Pti,, ..iZ and dZ!dt tracings. The ECG shows no abnormalities. 
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1 s  Fig. 69. Clear X point in dZI dt tracing after implantation of an artificial aortic valve. Sarne patient as in figure 68, supine position at rest. Tracings made one week post­operatively. From top to bottom: (A) uZ = heart-synchronous impedance variation; 
dZI dt = rate of change of the heart-synchronous impedance variation. (B) dZ!dt and PCG = phonocardiogram. Z0 = 18.612. The dZ!dt tracing shows a clear X point at the moment of closure of the artificial aortic valve as shown by the phonocardiogram. This X point is much more pronounced than in figure 68. 
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Fig. 70. Pronounced Y point in a patient with an arterio-venous aneurysm in the left lung. 17-year-old male. supine position at rest. From top to bottom: ECG = electrocardiogram: �Z = heart-synchronous impedance variation: dZ!dr = rate of change of the heart­synchronous impedance variation. Z0 = 1 6.og. 
which we recorded in healthy subjects, the Y point could be dis­
tinguished. In a 17-year-old man with an arterio-venous aneurysm in 
the left lung, the Y point was more pronounced than in healthy subjects 
(Fig. 70). 
As regards the O and Z points, it seems preferable, as in the case of the 
A point, to speak of a wave rather than of a point. The O wave occurs 
during the rapid filling of the ventricles. Therefore, we prefer to call this 
wave the F (filling) wave (cf p. 99). It is small in healthy subjects in 
erect position, but becomes larger when the subject changes to the 
supine position (Figs. 56 and 57). 
We do agree with Lababidi et al. ( 1 9) that characteristic points in the 
impedance cardiogram can be distinguished in the tracings of all 
healthy subjects as well as in tracings of many patients. However, the 
nomenclature they use in describing the impedance cardiogram is 
confusing in practice, for the letters used by Lababidi et al. ( 19) to 
denote various point in the impedance cardiogram are used by other 
investigators to denote entirely different points. For instance, the letter 
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Z is used by some investigators ( 1 8) for the point where the extreme rate 
of change in impedance is reached. Arita et al. (2) use the letter O for the 
diastolic wave in the dZ! dt tracing, where Lababidi et al. ( 1 9) speak of a 
single O point. With regard to the A and O points as defined by 
Lababidi et al. ( 19) it should be noted that these points cannot always be 
seperated from the noise in the dZ!dt tracing. 
It seems more practical to use self-evident letters for the characteristic 
points and waves occurring in the impedance cardiogram. We therefore 
propose the following designations (Fig. 7 1 ) :  A wave (atrial wave), for 
the small wave which is due to atrial contraction; E wave (ejection wave) 
for the large wave associated with left ventricular ejection. This E wave 
has a clear O point (onset point), an M point (minimum point) and it is 
followed by two valve closure points, Va and V p associated with aortic 
and pulmonic valve closure, respectively. Finally, during the rapid 
filling phase of the ventricles an F wave (filling wave) occurs in the 
impedance cardiogram. 
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Fig. 7 1 .  Proposal for the designation of the peaks and troughs in the impedance car­diogram. 24-year-old male subject. erect position at rest. From top to bottom: ECG = electroc<!r­diogram; PCG = phonocardiogram; t:i.Z = heart-synchronous impedance variation; dZI di = rate of change of the heart-synchronous impedance variation. 20 = 20.2!'!. A wave (atrial wave) for the small wave which is due to atrial contraction; E wave (ejection wave) for the large wave associated with left ventricular eje_ction. This E wave has a clear O point (onset point), an M point (minimum point) and it is followed by two valve closure points, Va and V p associated with aortic and pulmonic valve closure, respectively. During the rapid filling phase of the ventricles an F wave (filling wave) occurs in the impedance cardiogram. 
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Fig. 72. Left ventricular ejection time from dZ I dt tracing plotted against left ventricular ejection time from ascending aortic pressure tracing. Ascending aortic pressure was measured by a sensortip-manometer catheter (Millar) and recorded simultaneously with the impedance cardiogram. Results of 70 observations in 8 patients. r = 0.986: regression line equation : y  = 4. 16  + 0.979 x. 
The O and Va points in the dZ I dt tracing are commonly used to 
determine the left ventricular ejection period. The strong correlations 
found between the dZI dt and carotid pulse tracings (9, 4) or aortic blood 
pressure tracings (26) (cf p. 30) as well as our own results summarized 
in figure 72 indicate the suitability of this procedure for this purpose. 
Determination of cardiac output 
On the basis of the experiments and considerations described in chapter 
4 we have come to the conclusion that, under normal circulatory con­
ditions, the heart-synchronous impedance variations originate from two 
kinds of resistance variations of quite different nature: variations in 
vascular blood volume, mainly in the large intrathoracic systemic 
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arteries and to a lesser extent in the large intrathoracic veins, and 
variations in blood resistivity due to the orientation of the erythrocytes 
depending on blood flow velocity, in the large intrathoracic systemic 
arteries as well as in the large intra thoracic veins. 
This conclusion is in disagreement with some important assumptions 
underlying the derivation of equation 24 and the equations 26 and 27, 
which are used for the determination of cardiac output as proposed by 
Kubicek et al. ( 15) and by Tiscenko et al. (32), respectively. For the 
derivation of these equations the thorax was regarded as a parallel 
connection of a tissue impedance (Zt) and a blood resistance (Rb)- It 
was assumed that the heart-synchronous impedance variations only 
originate from variations in the cross-sectional area of the large in­
trathoracic arteries. The arteries were regarded as cylinders with con­
stant length and the blood volume variation provoking variation in their 
cross-sectional area was assumed to be small and uniform. Further­
more, the current density was assumed to be homogeneous and con­
stant. The blood resistivity (Pb) was also assumed to be constant. 
It has been shown that the assumption regarding blood resistivity is 
incorrect. The variation in Pb due to blood velocity variations has been 
shown to make an important contribution to the genesis of the heart­
synchronous impedance variations. Moreover, the effect of this 
variation in blood resistivity is not restricted to the large intrathoracic 
systemic arteries. Blood flow velocity variations in the large intratho­
racic veins proved to contribute significantly to the heart-synchronous 
impedance signal. For all other assumptions mentioned above, it should 
be noted that they are rough approximations of the real situation. 
The influence of each of the factors contributing to the heart­
synchronous impedance signal occurring within the thorax cannot be 
accurately quantified. Resistance changes due to systemic arterial blood 
volume variations depend on stroke volume, vascular compliance, 
peripheral resistance and heart rate (which may vary for instance with 
breathing), metabolic rate, age and sex. When the blood content of the 
systemic arterial tree changes, the current passing through it is not 
constant: the ratio between the tissue impedance (Zt) and the blood 
resistance (Rb) changes as well. This is also the case when fluid shifts 
from the vascular to the interstitial compartment or vice versa. 
Resistance changes due to the orientation of the erythrocytes depend 
on haematocrit value, blood flow patterns and heart rate. The blood 
flow patterns in the intra thoracic veins are subject to variation between 
individuals, as well as in one and the same person. The biphasic flow 
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pattern in  the intrathoracic veins varies, for instance, with changes in 
body posi tion and with changes in  i ntrathoracic pressure. Consequent­
ly, the orientation of the erythrocytes during systole in these veins will 
affect the heart-synchronous impedance variation differently. The 
contribution of each of the factors that cause the impedance cardiogram 
is subject to variation and the time relations of these factors with respect 
to each other are far from constant. Figure 60 shows how much the 
(dZI dt)111;11 value can vary, with considerable consequences for the 
calculation of stroke volume with equation 29, while actually the stroke 
volume hardly changes, as is i ndicated by the arterial blood pressure 
and ascending aortic flow veloci ty tracings. 
From the foregoing considerati ons it must be concluded that calcu­
lation of stroke volume in absolute values from the impedance car­
diogram with reasonable accuracy i s  impossible. However, when 
heart-synchronous impedance variations are recorded under stan­
dardized ci rcumstances (constant electrode position, unchanged body 
posi tion), the direction of the changes in stroke volume will be reliably 
indicated by the change in (dZI dt)111;11 • In chapter 3 it has been shown 
that, in  patients without cardiac shunts or valvular lesions, cardiac 
output values determined by impedance cardiography may correspond 
well with cardiac output values as determined by the dye-dilution 
method (cf Fig. 3 1 ). In these patients, the heart-synchronous imped­
ance tracings were made in supine position at rest during end-exspira­
tory breathholding. In such ci rcumstances, the time relations between 
the factors contributing to the heart-synchronous impedance signal will 
not di ffer much between individuals. An increased stroke volume is 
associated with a higher rate of change of arterial systemic blood 
volume, increased acceleration of blood flow in these arteri es as well as 
an increase in the acceleration of venous blood toward the ventricles 
due to a more vigorous descent of the a trio-ventricular plane in  early 
systole. The resulting changes in the various factors contributing to the 
heart-synchronous impedance signal are all i n  the same direction, 
leading to a pronounced systolic decrease in  impedance. 
In patients suffering from valvular lesions or cardiac shunts, the time 
relations between the factors contri buting to the impedance signal will 
di ffer, depending on the underlying lesion. This explains the wide 
scatter in the results obtained when the cardiac output values of these 
patients as determined by impedance cardiography are compared with 
those determined by the dye-dilution method (Fig. 30). Furthermore, 
the overestimation of cardiac output by impedance cardiography in  
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most patients with aortic insufficiency (Fig. 32) can be explained by the 
increase in arterial blood volume variations, increase in aortic blood 
flow acceleration and increase in venous blood flow acceleration. 
Finally, it must be emphasized that the contribution of the orien­
tation of the erythrocytes is influenced by heart rate. In accelerating 
flow erythrocytes orientate instantaneously, while in decelerating flow 
they show a relaxation phenomenon (Fig. 45). This may explain why the 
maximum amplitude of 6.Z does not change significantly between rest 
and maximum exercise (cf p. 56, Tab. 4). The influence of greater 
variation in blood volume with each heart beat in the systemic arteries 
on the 6.Z amplitude is then cancelled by the reduction in the con­
tribution of the orientation effect of the erythrocytes. 
Clinical applications 
With the new insight into the fundamentals of thoracic electrical 
impedance measurement as described in the preceding sections and the 
considerable experience with this method through hundreds of meas­
urements both in healthy subjects and in patients, a more detailed 
answer can be given as to the usefulness of electrical impedance meas­
urements in clinical circumstances. In our opinion, impedance car­
diography can become a valuable tool in various medical fields, es­
pecially in cardiology. A great deal of information can be obtained for 
diagnosis as well as for treatment, and the method is very suitable for 
monitoring purposes. 
Electrical impedance measurements can give 
beat-to-beat information about changes in stroke volume, ineffective 
beats being detected immediately ; 
accurate information about systolic time intervals; 
information about mitral and aortic valve function, especially when 
these valves are replaced by artificial valves; 
immediate information about accumulation of fluid in the thorax ; 
information concerning diagnosis and treatment of patients with 
congestive heart failure; 
an objective indication of cardiac reserve in patients with limited 
cardiac performance; 
an accurate indication of the systolic and diastolic blood pressure 
levels in the measurement of systemic arterial blood pressure with 
the conventional Riva-Rocci method. 
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The suitability of electrical impedance measurement for obtaining 
beat-to-beat information about changes in stroke volume is demon­
strated by the impedance cardiogram of a patient with atrial fibrillation 
shown in figure 73. The variations in stroke volume due to variations 
in left ventricular filling are reflected in the arterial blood pressure 
tracing as well as in the impedance cardiogram. The impedance 
cardiogram thus gives information about the effectiveness of each heart 
beat. This is also shown in figures 68, 74 and 75. These recordings are 
from a patient with pulsus alternans with variable effectiveness of every 
second beat. In figure 68 the pulsus alternans is not visible in the ECG, 
but discernible in left ventricular pressure tracing and impedance car­
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Fig. 73. Impedance cardiogram giving beat-to-beat information on changes m stroke volume. 34-year-old female patient with mitral stenosis and insufficiency of moderate degree and atrial fibrillation, supine position at rest. From top to bottom: ECG = electrocardiogram; PCG = phonocardiogram; dP 00/dt = rate of change in ascending aortic pressure; Pao = ascending aortic pressure as measured by cathetertip-transducer; Pao = ascending aortic pressure measured with the lumen of the cathetertip-transducer catheter; PCG = intra­aortic picked-up phonocardiogram; .iz = heart-synchronous impedance variation; dZ!dt = rate of change of the heart-synchronous impedance variation. Z0 = 1 9.5!1 Note that a prolonged R-R interval in the ECG is followed by a larger aortic pressure pulse, higher maximum rate of change in aortic pressure and larger deflection in the dZ/dt tracing. 
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I s Fig. 74. Impedance cardiogram showing pulsus alternans. Same patient as in figure 68. supine position at rest. From top to bottom: ECG = electrocardiogram; PCG = phonocardiogram; �Z = heart-synchronous impedance variation; dZ!dt = rate of change of the heart-synchronous impedance variation. 20 = 1 8.2!1 More distinct pulsus alternans than discernable in the curves of figure 68, now also visible in the ECG (electromechanical pulsus altemans (27)). 
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l s  Fig. 75. Impedance cardiogram during bigeminal rhythm. Same patient as in figures 68 and 73, supine position at rest. From top to bottom: ECG = electrocardiogram; PCG = phonocardiogram; 12 = heart-synchronous impedance variation ; dZ!dt = rate of change of the heart-synchronous impedance variation. 20 = 1 8. 1  fl. The ECG now shows alternating sino-atrial and premature ventrical beats. The latter cause in the �z tracing only a hump on the descending limb of the preceding beat. 
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is now also visible in the electrocardiogram. In figure 75 the impedance 
cardiogram shows that every second beat is barely effective, causing 
only a hump on the descending limb of each preceding beat. 
The usefulness of impedance cardiography for checking the response 
of the heart to artificial pacemaker impulses is illustrated in figures 76, 
77, 78 and 79. Figure 76 shows an adequate response of the heart to 
every pacemaker impulse in a patient with an implanted fixed rate 
ventricular pacemaker. Figure 77 shows an adequate response of the 
heart to every pacemaker impulse in a patient with a demand 
pacemaker, during exercise on a bicycle ergometer at a load of 75 W. 
When the load was increased to 1 25 W, the impedance cardiogram of 
this patient showed that the heart did not respond adequately to the 
demand pacemaker impulse in every second beat (Fig. 78). Figure 79 
shows that after 3 min rest every pacemaker impulse is again followed 
by an adequate left ventricular contraction. 
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Fig. 76. Impedance cardiogram in patient with an implanted fixed rate ventricular 
pacemaker. 
40-year-old male patient, erect position at rest. From top to bottom: dZ!dt = rate of 
change of the heart-synchronous impedance variation; 6.Z = heart-synchronous imped­
ance variation. Z0 = 20.4r!. The pacemaker impulses are clearly discernable in the imped­
ance cardiogram. 
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Fig. 78. Impedance cardiogram in a patient with a demand pacemaker. Same patient as in figure 77, erect position immediately after exercise on a bicycle ergometer at a work load of 1 25 W. From top to bottom: dZ/dt = rate of change of the heart-synchronou · impedance variation; /lZ = heart-synchronous impedance variation. 
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Fig. 79. Impedance cardiogram i n  a patient with a demand pacemaker. 
Same patient as in figures 77 and 78. erect position at rest. From top to bottom : dZ!dr = 
rate of change of the heart-synchronous impedance variation; .'.lZ = heart-synchronous 
impedance variation. Z0 = 20.0!l. Tracings made 3 min after exercising at a work load of 
125 W. Every pacemaker impulse is followed by an adequate response of the patient's 
heart. 
Impedance cardiography allows direct measurement of systolic time 
intervals (total electro-mechanical systole, pre-ejection time and left 
ventricular ejection time) with high accuracy. The results are similar to 
those obtained from ascending aortic blood pressure measurement or 
carotid pulse tracings (cf p. 30). Figure 72 shows the excellent corre­
lation (r = 0.986; n = 70) between left ventricular ejection-time as 
measured from ascending aortic pressure and from dZ! dt tracings. A 
major advantage of impedance cardiography over carotid pulse tracings 
for routine systolic time interval determination is that the impedance 
transmission time is negligible. Figure 80 illustrates the determination 
of the systolic time intervals with the aid of an impedance cardiogram. 
By means of impedance cardiography useful information can be 
obtained on the functioning of the mitral and the aortic valves. The 
exaggerated F wave accompanying insufficiency of the mitral valve is 
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Fig. 80. Determination of systolic time intervals by impedance cardiography. 24-ycar-old healthy male subject. supine position at rest. From top to bottom: ECG = electrocardiogram: PCG = phonocardiogram; uZ = heart-synchronous impedance variation; dZI dr = rate of change of the heart-synchronous impedance variation. lp_e = pre-ejection time; le = left ventricular ejection time; lems = wlectromechanical systole. 20 = 2 1 .3 Sl 
impedance cardiogram returned to a normal shape in three patients 
after surgical replacement of the mitral valve. Karnegis et al. (12) 
observed the same in the post-operative impedance cardiograms of six 
out of seven patients. The one exception who continued to show an 
abnormal wave-form showed clinically no evidence of persistent mitral 
regurgitation, and no other explanation was at hand. The patient died a 
few months after operation. Since n0 necropsy was performed, the 
condition of the heart and the mitral prosthesis remained unknown. 
When the aortic valve is insufficient, no sharp Va point can be dis­
tinguished in the dZ/dt tracing (compare figures 68 and 7 1). A well­
functioning artificial aortic valve shows up as a very sharp Va point in 
the dZI dt tracing (Fig. 69). 
Impedance cardiography immediately detects accumulation of fluid 
in the thorax. In 63 patients measured in supine position at rest during 
cardiac catheterizations lasting about 3 h, Z0 never varied by more than 
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0.5 Q (2.5%) (cf p. 59). As described earlier in this chapter (cf p. 1 10) 
any drop in Z0 by more than 5% should be an alert for accumulation of 
fluid in the thorax. Unfortunately, the drop in Z0 does not distinguish 
between increased pulmonary blood volume, pericardia! effusion, 
hydrothorax or pulmonary edema. Since Z0 is far more sensitive to 
changes in extravascular fluid volume than to pulmonary blood volume 
(cf p. 94), a decrease in Z0 mainly reflects the extravasation of fluid. 
Pericardia! effusion seldom causes a large drop in Z0 because the 
extravasated fluid volume is limited. A considerable increase in extra­
vascular fluid volume may occur in cases of hydrothorax and pulmo­
nary edema. These conditions are thus accompanied by unmistakable 
decreases in Z0 . Once the diagnosis has been made, the effectiveness of 
the treatment can be monitored by continuous measurement of Z0. As 
an indication of changes in the extra vascular fluid content of the thorax 
the measurement of Z0 is more sensitive than X-ray examination (24). 
The pre- and post-operative measurement of Z0 in a patient with aortic 
stenosis (Figs. 82 and 83) showed an increase from 18.0 Q to 22.4 Q in 
addition to the return to a normal configuration of the impedance 
cardiogram. 
Electrical impedance measurements can be a valuable aid in the 
diagnosis and treatment of patients with congestive heart failure. In the 
beginning of the left ventricular failure, the vascular compartment of 
the lungs may soon become overfilled. This will be reflected as a 
moderate decrease in Z0. Due to an increase in the pressure difference 
between the pulmonary veins and the left ventricle at the moment of 
mitral valve opening, an increase in the height of the F wave will appear 
in the impedance cardiogram (Fig. 57). Moreover, the impedance car­
diogram will immediately show the occurrence of ineffective heart beats 
(cf p. 124). When congestive heart failure develops, extravasation of 
fluid will occur, leading to a profound drop in Z0 . This has been shown 
by Matsumori (23), who measured thoracic electrical impedance in 
patients who had been subjected to open heart surgery. The magnitude 
of the decrease in Z0 was even of prognostic value in the post-operative 
course of these patients. Hayashi et al. (8) reported excessively low Z0 
values in patients with generalized edema. They concluded that the 
measurement of Z0 is an excellent means for assessing the degree of 
congestive heart failure. The usefulness of Z0 measurements in patients 
with pulmonary edema has been demonstrated by several other inves­
tigators (21, 24, 33, 10). 
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Impedance cardiography can objectively indicate the cardiac reserve 
in patients with limited cardiac performance. In this respect three 
parameters are important :  Z0, the F wave and the value of (dZ!dt)min· 
In healthy subjects, Z0 values measured during exercise on a bicycle 
ergometer at increasing work load levels are not significantly different 
from those measured with the subjects sitting at rest on the ergometer 
(Tab. 4). Exercise at increasing work load levels does not cause any 
appreciable increase in the height of the F wave in healthy subjects. 
There may be some increase, but in none of our subjects was it more 
than that shown in Fig. 25 .(dZ!dt)min steadily increases with increasing 
work load, reaching at maximum load about twice the resting value (cf 
Tab. 4; Fig. 25). In patients with limited cardiac performance Z0 
decreases at higher work loads, the F wave often becomes exaggerated 
and (dZ!dtmin) decreases. 
ECG 
PCG +1.-. ,�1 ,-,�,i>·r�tt ,..1 � 
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I s  Fig. 8 1 .  Predominating F wave in the impedance cardiogram of a patient with severe mitral insufficiency and atrial fibrillation. 32-year-old male. supine position at rest. From top to bottom: ECG = electrocardiogram; PCG = phonocardiogram: Pao = ascending aortic pressure as measured by cathetertip­transducer; Pao = ascending aortic pressure measured with the lumen of the cathetertip­transducer catheter; PCG = intra-aortic phonocardiogram; t:i.Z = heart-synchronous impedance variation; dZld! = rate of change of the heart-synchronous impedance variation. Z0 = 20.0Q. Note the small ejection wave (E wave) in the impedance cardiogram, which i, followed by a much higher F wave. 
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Balasubramanian and Hoon (3) measured 20 at rest and during 
treadmill exercise at increasing work load levels in 32 patients with 
ischaemic heart disease. Their 20 values dropped steadily to reach a 
value of 85% of the control value after 3 min of treadmill exercise with 
an inclination of20° and a speed of 5 km/h. The control value of 20 was 
measured after 15 s of hyperventilation at rest. 
Ramos (25) recorded the impedance cardiogram of 8 1  patients with 
acute myocardial infarction, acute coronary ischaemia or severe 
congestive heart failure on admission to the hospital. Thirty of these 
patients showed an abnormally high F wave. After a few weeks 65 of the 
81 patients performed a low level stress test. During exercise the F wave 
in the impedance cardiogram increased in height and disappeared after 
sublingual administration of nitroglycerin. Ramos (25) never observed 
an abnormally high F wave in the impedance cardiogram of healthy 
subjects during exercise, nor did we in any of our healthy subjects (cf p. 
10 l ). Kubicek ( 16) recently reported the appearance of a huge F wave in 
a patient with congestive heart failure on changing from erect to supine 
position. We observed such a high F wave in several patients with severe 
mitral insufficiency (Figs. 57 and 81) as well as in a patient with aortic 











Fig. 82. Predominating F wave in the impedance cardiogram of a patient with aortic 
stenosis. 
59-year-old male. supine position at rest. From top to bottom: ECG = electrocardiogram: 
PCG = phonocardiogram; .lZ = heart-synchronous impedance variation: dZ!dt = rate 
of change of the heart-synchronous impedance variation. Z0 = 1 8.0Q. The pressure dif­
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Fig. 84. dZ/dr tracing of a patient 3 weeks after implantation of an artificial aortic valve. Same patient as m figures 82 and 83, supine position at rest. From top to bouom: dZldr = rate of change of the heart-synchronous impedance variation; PCG = phonocardiogram. 
Z0 = 2 1 .0fl. The shape of the dZ!dt tracing is the same as in figure 83. Note the dearly visible Va point (cf Fig. 7 1 )  at the moment of closure of the artificial valve. 
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cardiogram of the latter was again recorded one day after implantation 
of an artificial aortic valve and once more three weeks thereafter (Figs. 
83 and 84). Already on the first post-operative day, his impedance 
cardiogram had become normal and the value of Z0 had increased by 
4.4rl. After three weeks a again normal impedance cardiogram was 
obtained. 
When a patient with impaired left ventricular function is subjected to 
exercise at increasing work loads, the three signs Z0 , F wave and (dZ! 
dt)min can be used to indicate the cardiac reserve. The upper limit of 
cardiac performance will be indicated by the work load level at which 
the amplitude of dZ! dt no longer increases, or even decreases, together 
with a drop in Z0 and the appearance of a prominent F wave in the 
impedance cardiogram. 
With the aid of electrical impedance measurements, it is possible to 
determine arterial systemic blood pressure accurately. For this purpose 
the electrodes are applied round the patient's arm. The P-electrodes are 
placed under the blood pressure cuff, about 3 cm apart. The I-electrodes 
are placed on both sides of the cuff. When the cuff is quickly inflated to 
above the systolic blood pressure level and then gradually deflated, the 
systolic and diastolic blood pressure levels are accurately indicated by 
the dZ/dt tracing (Fig. 85). Above the systolic blood pressure level, no 
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Fig. 86. Variation of the cross-sectional area of the brachia! artery during blood pressure measurement according to Riva Rocci. The cross-sectional area variation reaches a maximum just before the diastolic pressure level. Just below this pressure the arterial wall excursions become of normal magnitude again. 
dZI dt signal is obtained. At the systolic pressure level the dZI dt signal 
appears and the maximum deflection in this tracing rapidly increases 
with a further drop in cuff pressure until the diastolic pressure level is 
reached. Below this pressure level the amplitude of the dZ!dt signal 
suddenly decreases. 
The indication of the systolic and diastolic blood pressure levels by 
the dZ!dt tracing can be explained by a schematic presentation of the 
variation of the cross-sectional area of the brachia! artery during blood 
pressure measurement according to Riva Rocci (Fig. 86). By electronic 
processing of the dZ I dt signal and cuff pressure a semi-automatic, 
non-invasive blood pressure measurement can easily be attained. 
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Appendix 1 
Stroma-free haemoglobin solutions 
The determination of the relative importance of the effects of flow­
dependent erythrocyte orientation and vascular volume changes on the 
electrical impedance variations requires an experimental set-up in 
which one of the two factors can be eliminated or at least appreciably 
diminished. An obvious means to this end is to replace the blood of an 
experimental animal by a cell-free solution. However, it is well-known 
that dogs survive an exchange transfusion with blood plasma or a 
plasma substitute for a short time only, while during the survival period 
strong compensatory reactions grossly disturb the normal physiological 
state of the animal. On the other hand, it has been shown that stroma­
free haemoglobin solutions (SFH solutions) are capable of maintaining 
blood gas transport at a reasonable level, whereas their acute, and even 
chronic, nephrotoxicity is neglibible ( I ,  2). 
The principle problems with SFH solutions as blood substitutes are 
the high oxygen affinity of haemoglobin in solution, which impedes 
oxygen unloading in the tissues, and their rapid escape from the 
vascular system. The latter problem only counts in chronic experiments, 
since the half-life of free haemoglobin in the blood plasma of dogs has 
been estimated to be 4-5 h (2). In the erythrocytes of most mammals, the 
oxygen affinity of haemoglobin is kept within the physiological range 
by the low erythrocytic pH (7.20 vs. 7.40 in plasma) and the high 
concentration of 2,3-diphosphoglycerate (DPG ). The pH of an SFH 
solution for infusion should be about 7 .40 and the clearance of DPG 
from the vascular system is very rapid. Therefore an SFH solution made 
of dog blood would not fulfil the purpose. A practical solution to the 
problem was found in the use of bovine blood as a source of haemo­
globin. The cow's haemoglobin is exceptional in that its oxygen affinity 
is in the desired range without the help of D PG. As a consequence of 
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this, the oxygen affinity of a bovine haemoglobin solution is not much 
different from that of dog blood. An SFH solution made from bovine 
blood is capable of keeping oxygen transport in the resting dog at a 
normal level. A practical advantage of using bovine blood as a source of 
haemoglobin is its low erythrocytic potassium concentration (35 
mmol · J-1 ). SFH solutions suitable for replacing blood in the dog can 
thus be prepared without dialysis for removing excess potassium. This 
eliminates a laborious step from the procedure. 
The normal electrolyte concentrations in dog plasma are as follows 
(3): Sodium, cPNa+ = 148 mmol · 1- 1 ; potassium, cPK+ = 3.9 
mmol · 1- 1 ; calcium, cPca2+ = 2.4 mmol · 1-1 ; chloride, cPc1- = 116 
mmol · 1- 1 ; phosphate, cP(HPO 2- + H PO -) = 1.2. mmol · J-1 (the 
ions which are not taken into ac4count in
2 
preparation of SFH solutions 
have been omitted). The electrolyte concentrations in the SFH solution 
should approach these normal values as closely as possible. To make the 
colloid-osmotic pressure of the SFH solution equal to that of normal 
dog plasma, a total haemoglobin concentration (cHb*) of about 60 
g · J- 1 is necessary. At pH = 7.40 such a haemoglobin concentration 
represents an anion concentration of about 7 mmol · J- 1 . The plasma 
proteins of normal dog blood, however, represent an anion concen­
tration of about 16 mmol · 1- 1 . This gap must be filled with a strong 
anion, because the SFH solution should also fulfil the requirement that 
pH = 7.40 at pCO2 = 5.33 kPa and T = 37 °C. Otherwise, HCO3 -
would take the place of the missing anions, and pH at pCO2 = 5.33 kPa 
would increase to about 7.55. The chloride concentration is therefore 
increased to 126 mmol · J- 1 • 
SFH solutions with the above-mentioned properties can be prepared 
in the following way. First, a concentrated stroma-free haemoglobin 
solution is prepared by toluene haemolysis from fresh bovine blood 
anticoagulated with heparin (50 mg· J-1) .  The method of preparation is 
analogous to that used for haemoglobin standard solutions (4). The 
haemoglobin and electrolyte concentrations of this original solution are 
determined and the fluid volume to be added to bring CHb* to 60 g .  1-1 
is calculated. Then those electrolyte concentrations in the diluting 
solution are calculated which are necessary for obtaining the desired 
concentrations in the final SFH solution. This is done in the following 
sequence. K + is adjusted by the addition of KCI (if necessary), 
phosphate is adjusted by the addition of Na2HPO4, Ca2+ is adjusted by 
the addition of CaCl2, CJ- is adjusted by the addition of NaCl and, 
finally, Na+ is adjusted by the addition of NaHCO3 • 
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After proper mixing of the original SFH solution with the diluting 
solution, the final SFH solution is analyzed as to the following quant­
ities. Haemoglobin and electrolyte concentrations, pH at pCO2 = 5.33 
kPa and T = 37 °C, total CO2 concentration, osmolality, viscosity, 
haemiglobin fraction, and oxygen affinity. The total CO2 concentration 







C(HPO/- + H2PO4 -i 
133 g 1- 1 
43 mmol 1- 1 
9.8 mmol 1- 1 
0.28 mmol. 1- 1 
46 mmol. 1-1 
0.7 mmol 1- 1 • 
Haemoblobin determines the increase in volume: 
VfinaII Voriginal = 133/60 = 2.22 
This gives for CK+ :  9.8/2.22 "" 4.4 mmol 1- 1 • 
Diluting solution should not contain K +. 
Final solution 
Ionic balance; electric charge in mmol 1-1 
Na+ 148.0 CJ- 126.0 
K + 4.9 HCO3 - 24.6 
Ca2+ 4.5 H PO/ /H2PO4 - 2. 1 
): kat 1 57.4 
HbO,-t H b- 6. 1 
� an 158.8 
Na+. K+. Ca2+ , CI- and HPO/-/ H2PO4- measured as substance concentration ; con­
version factors to ionic charge: I for Na ... , K+ and CI-. 1 .8 for HPO/-/H2PO4-, 2 
for Ca2+ . HCO3 calculated from pH and pCO2 (with pK� = 6. IO and S' = 0.22628 
mmol. I 1 kPa-1 ). HbO2-1H b- calculated from pH and cHb* (with pH(iso-elcctric) 
= 6.76 and buffer capacity = 2.54 mol H+ per mol Hb per pH unit) (5). 
pH at pCO2 = 5.37 kPa and T - 37.8 °C (measured) 7.406 
CHb* (measured) 60 g 1- 1 
CHCQ.1- (calculated) 23.0 mmol 1-
1 
rco2 • (calculated) 24.2 mmol 1-
1 
cco? (measured) 24.7 mmol 1-1 
Viscosity at 37 °C 1 .22 mPa s 
FHi 2.65% 
Osmolality 296 mmol kg- 1 
P:.o 3.67 kPa 
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(cco. ) and CHCO - are calculated from pH and haemoglobin and 
electr�lyte concentrations (5). In addition CHCO - is calculated from 
pH and pCO2• During the preparation of the SF� solution, a variable 
amount of haemoglobin oxidizes to haemiglobin; therefore, the 
haemiglobin fraction (FHi) should be determined. Oxygen affinity is 
determined as standard p50, i.e. the oxygen tension at an oxygen satu­
ration of 50% when pH = 7.40, pCO2 = 5.33 kPa and T = 37 °C. As an 
example, the data concerning SFH solution No. IO are presented in 
Table 9. 
When the blood of a dog is gradually replaced by an SFH solution, a 
moderate increase is observed in cardiac output and arterio-venous 
oxygen saturation difference. This is caused by the low total haemo­
globin concentration (60 g · 1- 1 instead of 1 50 g · 1- 1 in normal dog 
blood). The increase in cardiac output is accompanied by a fall in blood 
pressure, which is the effect of the low viscosity of the SFH solution. So 
the increased flow rate is maintained without increasing the work load 
on the left ventricle. The condition of the dog is stable for several hours, 
allowing extensive series of various measuremens to be carried out. 
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Appendix 2 
Literature on other applications of bio-impedance measurements 
A variety of other applications of electrical bio-impedance measure­
ments have been reported in which various electrodes and electrode 
positions are used. The most important applications are: rheoencepha­
lography (26, 36, 40), impedance pneumography (5, 7, 2 1 , 3 1 , 32, 38) 
peripheral blood flow measurements (2, 3, 4, 6, 9, 10, 11, 12, 13, 17, 27, 
34. 35, 39, 4 1 ,  43), detection of venous thrombosis ( 1 5, 1 6, 1 8, 1 9, 24, 25, 
28, 30), detection of arterial abnormalities ( I ,  8, 20, 22, 23), recording of 
uterine contractions (29, 33, 37) and non-invasive determination of the 
haemotacrit value (42). For a discussion of these applications the reader 
is referred to the cited literature. 
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Appendix 3 
Symbols and abbreviations 
Throughout this book many symbols and abbreviations are used. As 
many standard symbols and abbreviations as possible are employed. In 
some of the figures ASCI I characters are used. Zero is then shown as 0 .  
In some figures °C (degree Celsius) is indicated as 'C. Standard 
symbols for chemical elements are used as well as standard 
mathematical symbols. SI units together with the prescribed prefixes are 
used everywhere; for these units the recommended symbols are used. 
Apart from the symbols just mentioned all other symbols and ab­
breviations are explained in the text. Some symbols and abbreviations 
are only used locally in the text; of the more generally used symbols and 











�; or dX!dt 
dY!dt 




duration of cardiac cycle (in integral rheography) 
heart (as an index) 
concentration of X iny 
carotid pulse tracing 
time from the largest impedance variation to the onset of 
the next curve (in integral rheography) 
dye dilution curve (method) 
first derivative of X with respect to time or rate of change 
of X 
heart-synchronous rate of change of the thoracic ad­
mittance 



































heart-synchronous rate of change of the thoracic imped­
ance 
electrocardiogram 
electromagnetic flow measurement 
ejection wave in the impedance cardiogram 
fraction of X 
frequency 
female 
filling wave in the impedance cardiogram 
electrical conductance 
(thoracic) blood conductance 
haematocrit or relative packed cell volume 
electric current 
impedance cardiography 
current conducting electrode in impedance cardiography 
integral rheography 
length 






maximum value (as an index) 
minimum value (as an index) 
minimum point in the ejection wave of the impedance 
cardiogram 
number of subjects 
number of measurements 
number of units exchanged during exchange transfusion 
onset point in the ejection wave in the impedance car­
diogram 
pressure 
aortic blood pressure 
left ventricular blood pressure 
blood pressure in the superior caval vein 
blood pressure in the superior caval vein near the right 
atrium 
plasma (as an index) 































potential measuring electrode in impedance cardiography 
flow rate 
blood flow rate 
left ventricular output 
electrical resistance 
(thoracic) blood resistance 
body resistance 
variable resistance 
estimated value of the correlation coefficient 








left ventricular ejection time 
time of the electromechanical systole 
pre-ejection time 
right ventricular ejection time 
volume 
right ventricular stroke volume 
left ventricular stroke volume 
velocity 
velocity of blood in the ascending aorta 
velocity of blood in the pulmonary artery 
valve closure point in the impedance cardiogram asso­
ciated with aortic valve closure 
valve closure point in the impedance cardiogram 
associated with the pulmonic valve closure 
admittance 
thoracic blood admittance 
minimum value of the thoracic admittance 
thoracic tissue admittance 
electrical impedance 
thoracic impedance 
(thoracic) blood impedance 
maximum value of the thoracic impedance 
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Z1 thoracic tissue impedance 
uX (small) change in X 
.lZ heart-synchronous change in thoracic impedance 
p res�twity 
Pb resistivity of blood 
a conductivity 
ab conductivity of blood 
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Samenvatting 
De doelstelling van dit onderzoek over impedantie-cardiografie was het 
vaststellen van de bruikbaarheid van deze voor NASA ontwikkelde 
niet-invasieve meetmethode, in het bijzonder voor het bepalen van het 
slagvolume van de linker hartkamer. Hiertoe werden in de eerste plaats 
thoracale impedantiemetingen verricht bij gezonde jonge volwassenen, 
in rust en tijdens inspanning op een fietsergometer. Nagegaan werd wat 
de invloed op de verkregen uitkomsten was van verschillen in plaatsing 
van de meetelektroden. Tevens werd gelet op een mogelijke invloed van 
verschillen in lichaamsbouw. De gevonden spreiding in de waarden 
voor het hartminuutvolume met behulp van impedantie-cardiografie 
bij een zelfde steady-state belasting was dermate groot dat tot een direct 
vergelijkend onderzoek met een kleurstofverdunningsmethode werd 
besloten. Deze metingen werden verricht bij patienten tijdens hartca­
theterisatie. Zowel de metingen aan gezonde proefpersonen als die bij 
patienten leverden resultaten op die in strijd bleken te zijn met de 
conventionele theorie over impedantie-cardiografie. Deze theorie gaat 
uit van de gedachte dat de met iedere hartslag optredende volumever­
anderingen van de grote intrathoracale arterien de oorzaak zouden zijn 
van de met de hartslag optredende impedantieveranderingen van de 
thorax. 
Een kwantitatief belangrijke grootheid in de vergelijking voor de 
berekening van het slagvolume van de linker hartkamer is de soortelijke 
elektri�che weerstand van bloed; deze werd verondersteld tijdens de 
meting constant te zijn. Het was echter reeds lang bekend dat de soor­
telijke weerstand van bloed afhankelijk is van de bloedstroomsnelheid. 
In experimenten in starre buizen kon warden aangetoond dat stromend 
bloed anisotroop is wat de elektrische weerstand betreft. Bij toenemen­
de stroomsnelheid neemt de soortelijke weerstand af in de rich ting van 
de stroom en toe in de richting loodrecht daarop. Dit wordt veroorzaakt 
door veranderingen in orientatie van de erythrocyten, die de vorm van 
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biconcave schijfjes hebben. In dierexperimenten, waarbij door middel 
van transfusie het bloed van de hond werd vervangen door een stro­
ma-vrije haemoglobine oplossing, kon de invloed van de orientatie van 
de erythrocyten op de hartsynchrone impedantieveranderingen van de 
thorax worden geelimineerd. Hierdoor konden het orientatie-effect en 
het volume-effect worden onderscheiden. 
Uit deze experimenten bleek in de eerste plaats dat het algemeen 
gebruikte model voor de thoraximpedantie als een parallelschakeling 
van een weefselimpedantie en een bloedimpedantie adequaat is. Bo­
vendien bleek dat de hartsynchrone impedantieveranderingen worden 
veroorzaakt zowel door volumeveranderingen van de grote intrathora­
cale vaten als door orien ta tie van de erythrocyten. Beide effecten bleken 
ongeveer even groot te zijn en het is dus onjuist impedantie-cardiografie 
als een zuiver plethysmografische methode te beschouwen. 
Aan de hand van experimenten en literatuurgegevens werd vervol­
gens nagegaan welke intrathoracale vaatgebieden wezenlijk tot het 
ontstaan van het impedantie-cardiogram bijdragen. Hierbij bleek dat 
de hartsynchrone impedantieverandering (LlZ) voor ongeveer de helft 
wordt veroorzaakt door variaties van het bloedvolume in de aorta en 
enkele hiervan afsplitsende grote arterien en in de grote intrathoracale 
venen (vv. cavae en vv. pulmonales), waarbij het effect van de arterien 
verreweg hel g.rootst is. De andere helft van het LlZ-signaal komt op 
rekening van \ eranderingen in de soortelijke weerstand van het bloed 
door orientatie van erythrocyten in de aorta en enkele afsplitsende grote 
arterien en in de grote intrathoracale venen. Hierbij is de bijdrage van 
de venen aanzienlijk. Omdat het orientatie-effect bij toenemen van de 
bloedstroomsnelheid momentaan optreedt, is het aannemelijk dat het 
minimum van de eerste afgeleide van de hartsynchrone impedantie­
verandering naar de tijd ((dZ! dt)min dat vroeg in de systole wordt 
bereikt, met name wordt veroorzaakt door het orientatie-effect van 
de erythrocyten. 
Met behulp van het verkregen inzicht in de herkomst van de veran­
deringen in de thoraximpedantie in de hartcyclus kan de vorm van het 
impedantie-cardiogram in termen van de fysiologische fenomenen, die 
aan het signaal ten grondslag liggen, worden verklaard. Ook kan hier­
door de bruikbaarheid van impedantie-cardiografie in de medische 
praktijk beter worden beoordeeld. Het laat zich aanzien dat door me­
ting van de thoraximpedantie en zijn hartsynchrone verandering en 
diens eerste afgeleide informatie verkregen kan worden met betrekking 
tot 
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veranderingen van het slagvolume van de linker hartkamer, niet-ef­
fectieve slagen worden onmiddellijk gesignaleerd; 
systolische tijdsintervallen; 
het functioneren van de mitraal- en aortaklep, in het bijzonder ook 
nadat deze zijn vervangen door een klepprothese; 
vochtophoping in de thorax; 
diagnose en behandeling van patienten met decompensatio cordis; 
de cardiale reserve bij patienten met hartziekten. 
Door impedantiemeting aan de arm kan een precieze indicatie van de 
systolische en diastolische bloeddrukniveaus worden verkregen bij de 
meting volgens Riva-Rocci. 
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